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SUMMARY

The purpose of this work is to perform a pr oot-o.-px inciple test of
aounique concept for-auxilinry electric power ggheration based on
th&=nse ol a pieroclectric generator.  The demonstration device con-
sixts ol a modified Stirling-cycle engine which delivers pneumatic
pressare pulses to a coupler consisting of an oscillating mercury
column near ambient temperature. The coupler replaces the fly-
wheel and mechapical coupling of 2 conventional engine-generator

and drives a hydraualic load which simulates a piezoelectric generator.

The work is divided into two phases. Phase I includes piezoelectric
gencrator tests and a system design based on compater simulation
ane requisite mechanical design analysis to develop complete system
lavout drawings. Preliminary piezoelectric generator tests per-
formed by Physics International were inconclusive in certain areas.
Subsequent testing at DWDL using an elecirohydraulic materials
loading svstem established the basic feasibility of the piezoelectric
generator concept. Mecasurements at 60 Hz included power densities
to 18 w/in. 3, efficiency of 50" to 75% and continuous running time to
20 hours.

The final system design which includes substantial margins in

several areas, is predicted to deliver 518 vatts (mechanical) to the
simulated load with an overall efficiency of 24%. When coupled

with .o piczoelectric generator, 419 watts (electrical) at 19" over-

all system efficiency is expected, Safety and operational problems
with the mercury coupler, while not inhibiting a proof-of-principle .-
demonstration of the concept, indicate the need for change in anv proto-
type svstens, '

The originally planned Phase Il efforts consis‘ed of detail design, fab-
~ication, and testing of the engine-coupler-simualated load system, but
later was redirected toward life testing of piezuelectric ‘generators,
P'iezoelectric generator feasibility was demonstrated at ambient
temperatures from -55° to 4+ 150°F. Operating times of more than
29006 hours at 9000 psi peak stress levels resui-ed in about 3% perfor-
mance rlegradation. '
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This report was prepared by the Donald W. Douglas Laborateries
Richland, Washington, a Subdivision of the McDonnell Douglas

Astronautics Company, unaer U.S. Departmdnt of the Army coa-

tract DAAKO0Z2-71-C-0405 to perform a proof-of-principle demon-
stration of a 300-w Stirling engine piezoelectric (STEPZ) gencrator.
The work was monitored by J. Harrison Danicl, Jr., Project
Enginecer, - U.S. Army Mobility Equipment Research and Develop-
ment Center, Fort Belvoir, Virginia.

This Final Technical Report covers the contract period from 30 June
1971 through 30 November 1971 for Phase I and from 26 January 1973
through 26 July 1973 for Phase I IPhase I consisted of developing
layout drawings for the svstem and demonstrating practicability of the
piezouvlectric generator. Phase 1I was originally planned to include
detail design, fabrication, and testing of a system utilizing a hydraulic
load which simulates the piezoelectric generator, but later was redi-
rected to provide 2000-hour piezszelectric generator life tests under
varied environmental conditions.

The program was managed by M, "A. White under the direction of
Dr., W. R. Martini, Plezoelectric generator demonstrations at
Physics International Company during Phase 1 were performed under
the direction of P, -Smiiey. : : '
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Section 1
INTRODUCTION
1.1 PROGRAM OBRIECTIVES
I'he long-range oblective of this progcam is to develop a lona-life,

high-efficiency, maintenance-free lame-fired engine-gencrator as a
silent,  portable. electrie power sourdée. The effort reporied here

‘encompassces lavout db:ian of a praof-of-principle svsiem as well as

pormrmam e and life 1esting of pivzoclectric generators,  Currently,
in both civilian and militarv. auxi'iarev power appiications, gasoline
or dicsel engines operating rotating electromagnetic genera‘ars are
almost universally used for porrable auxiliary clectric power.,  These
units are reascnable in cost but are noisv, relatively unreliable, and
require regular krowledgeable maintenanée of the engine.  Particularly
in the Ariny, there isa need for something better at a reasonable price
Many applications in which reliability, low noise emission, and dura-
bility under rugged use conditions are important require continuous
electric power in quamxuc-.s larger than batteries can supply over long
periods,

The STEPZ conce pt has the potential for satislying these require-

ments, bat it involves certain innovative and unconventional

approaches. The initial objective of this program has accordingly
bean established &s a proof- o{-principle recduction to practice of
the! key ¢ omponents.  Included are verification of { 1) piesoelectric
generator feasibility, (2) resonant operation of the coupler to ol-
tain the required phase lag without mechanical linkages, and

(3} adequate heat exchange capabilities for a simple displacer-.
regencrator engine with no extended heat’ transu\r surfaces for uase
in the multihundred- watt{e) range.

In the Phase [effort, an experimental evaluation of the piczoclectric
generator was condacted and a layoar design of a proof-of-principle
q'.stvm was completed.” The systom consists of a modified Stirling
‘ugine, o simulated piezoelectric gencerator, and a mercury -filled
h‘vdrnu]i(' coupler to mntch £ wwine output with generator input,

Basic feasibility of the piczoclectric generator concept was established
in Phase 1, but the question of long-term degradation lml to a recirected
Phase 1] effort, ‘lest fixtures suitable for Hife testing piczoclectric

generators was developed and applied to 2000-hour tests of four stacks
under various cavironmental conditions,  The Life-test fixtures consist
of & rigid load frame which encloses an 80=djsc piczoclectric stack and
associated force and displacement measuring instrumentation,  Seventy

LY SN




"

} -

of the discs are operated as a driver stack from a high voltage ac power
supply. The resultant stress fluctuation produces ac¢ power in the
[0-disc generator stack: power density and efficiency are measured,
Long-ierm performance degradation was not severe,

&

=3 PHASE | PIEZOELECTRIC GENERATOR TESTING

Piezoelectric generators are novel, partly because practical materials
have only recently come into use. In addition, the generawr requires
pulsating mechanical power at high force and low displacement which
is not a typical output characteristic for prime movers, A 97, 5% effi-
cient piezoclectric generator driven by a similar plezoelectric motor
has recently been reported (Reference 13,

This generator, however, operates at very high frequencies and low
stresses compared with the STEPZ operating regime. Acknowledged
experts in the piezoelectric materials field differ widely in their eval-
uation of practical operating stress levels and, therefore, powerdensity,

Becausce of the relative uncertainty of piezoelectric generator feasi-
bility compared with that of Stirling engines, the Phase-I effort
included comronent testing of piezoelectric stacks. Testing of two
considerably different piezoeleciric materials was originally per-
formed under subcontract to Physics International, (results reported
in"Appendix A), but limitations of the stack stressing equipment
prevented extended operation as well as efficiency and temperature-
rise mensurements. These data have now been obtained at DWDL :
and are presented, alony with supporting analysis, in Appendices BandC

Pierzoelectric generator operation is shown in Figure 1-1. The disks
Ciave made from a lead zirconate-titanate ceramic and metallized on
‘both flat surfaces for electrical contact. Warm disks are polarized
fanalogous to'magnetizing a permanent magnet! by applying a high
voltage to align the dipoles. These are stacked with alternating

‘polarity felectricaliy in parallel) with one side connected to the load,
the other to yround. Compression of the stack produces charges

delive red as load current in one direciion, followed by a reversed
pelarity .and icurrent when compression is relaxed. Theory and
experiment show that typically only aboat half the applied strain
energy produces a charge. ~The balance is stored elastically, and

in oo real system, is wtilized to effect the compression stroke on

the q-'n;_'ixiv.. A portioa of the gencrated power is dissipated in stack
losses. This must be minimized to maintain an acceptable efficiency
and maintain temperature rise in the stack within tole rable limits.
Fuperitents confirm the feasibility of these g;l)_iccti\'os. :

freeliminary experimental results obtained at Physics International
are sunmenarized in Figare 1-2 with measurements normalizesd to
Cspecilic ovtput power.  Early stack stress fluctuations to 3500 psi
were obtained using a piczoclectric driver. Extrapolatio. of these
dati 1s indicated as the original projection in Figure 1-2. The
tests conducted as part of the Phase I effort uscd a rotary valve

2




and high-pressure bhydraulic pump to apply stress fluctuations. Two
‘\ypes of piezoceramic materials were tested. PZT-5His a piezo-
electrically soft material with a high power density at a given stress
level, but withirelatively low stress limitations agd=high internal
l055€5.” As indicated in Figure 1-2, PZT-5H exhibited degradation
with short-term tests near 5000 psi compressive stress. The other
material tested was LTZ -1 (cquivalent to PZT-4), a piezoelectri-
cally hard material with basically opposite properties to those of
P/ T-5H. This stack also exhibited an apparent leveling off in
power density around 9000 psi, but this was attributed to high
pressure binding in the drive-piston seal.

Some of the pertirent data obtained at DWDL utilizing an electro-
hvdraulic materials-loading system are presented in Figure 1-3.
These data were obtained using sinusoidal stressing at 60 Hz with a

ninimum compression of 1000 psi, and 7000 to 13, 000 psi maximumn
‘compression. ‘

Experimental power density follows the predicted curve closely to
 80G0-psi stress fluctuation, with decreased performance at higher
levels. Following these measurements, a 20-hour continuous run
at 12, 000 psi stréss fluctuation exhibited continuous and irreversible
degradation at a decreasing rate. A similar continuous run at 6000
psi stress flauctuation three weeks later showed onlyaninitial, .
reversible degradation while the hydraulic driver approached thermal
equilibrium. Inductancé was then used in the load circuit to com-
pensateé for capacitance inherent in the generator. Power density

PULSAT NG FORCE

221

PIEZOCERAMIC

GROUND DISCs -

CONNECTIONS
ONNECTIO ~

| 8RASS ELECTRODE -
) CONNECTORS .

LOAD
RESISTANCE

Figure 1-1. Piezoelectric Generator General Arrangement
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Figure 13, Piezoélect;ic Generator Test Results_‘

“increased by 2 factor of 2.5 as compared with a predicted value of
3.0. ‘A:piezcelectric generator efficiency of 67% was measured, ;
with optimum inductance in the circuit at 6000 psi and a power den-.
sity of 15 w/cu in. S S . :

These data show that an efficient piezoelectric generator with
- reasonable power density is possible. Excellent anaiytical corre-
lations with experiment give confidence in designing generators for
specific applications.  Further experiments will eventually be
‘required to determine the effect of disk geometry and surface finish
on long-term operating properties and allowable stress levels.

s _ . ' S AL
1.3 LAYOUT DESIGN OF PROOF -OF -PRINCIPLE SYSTEM

The proof-of-principle system is designed to show that the basic
concept shown in Figure 1-4 is feasible; the system utilizes a simu-
lated piezoelectric generator. The Stirling engine produces pres- .
sure pulses'from heat. After a phase shift by inertia in the coupler,
these pressure pulses can be applied to a piezoelectric generator to
« p"ro‘cluce electricity. Gas in'the Stirling engine acts as a spring and

a negative damper, oné that produces instead of consuming power.
The coupler acts as a mass, and the piezoclectric generator acts -

5
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- as.another s pr1m_, combmed with a Lonventlm{'ﬂ damper. Figure 1-4
AN © . shows how forces from the engine and generator act on the coupler
. . which serves as an inertial energy storage device analogous to the
: .-flywheel in a conventional engine.. Figure 1-5 shows the principal
features of the proof- of prmcxple System to aemongtrate thc ba:,lc
conc-ept. v 31‘ T R , o . - - r
o :--_The Stirling engme l.S sv‘mlar tn other mlent, ‘long - -lived, power
<. sources developed:; dl’ld tested .at DWDL. The engine consist: of a
- lightweight displacer which oscillates inside the engine cylinder
with a five-mil ra(hal clearance between cylinder wall and displacer.
“This separatxon is' maintainéd by a flexure at the hot end and a bear-
ing (part of the dwplace\r drive) at the’ cold end. This bearing may
- ultimately: be repl’scell by a flexure. The gap acts as‘a gas heater,
" regenerator, and gas cooler. The use of this gap, instead of many
'small tubes manifoldeéd into regencrator. assemblies as in conventional
' C Stlrlmg engines,’ greatly 51mp11f1es the engine and sxgmﬁcantly reduces
‘ ' "cdost for small Stirling engines. Oscillation of the displacer heats
; - and 'cools ‘the confined helium and creates the pressure’ pulses. An
L - electric motor for: startup and fine frequency control moves the dis-
: ' ‘placer through a crank mechanism. These cowiponents will probably
be replaced by an electromagnetic drive when prototype development
is achieved.: Once operating speed is reached, the gas pressure,
d1fferencc applled to the displacer drive piston varies over a cycle
in such a way as to’ apply power to the displacer drive. If friction
1= not too wreat, the. ename will run itself. The crank mechanism
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Fiy ‘re 1-5. Proof-of-Principle Test Setup
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is useful to control motion of the ch.splau-r to fuH stroke thhout
danger of hitting the ends. * A similar smaller engine operated at
20 Hz and 3 watts with a, crank and llv\\ heel for over 5000 hours at

DWW DL.

).
[ho'c rnxpl(-x' considered for the prcbent stuc‘y is_ & mercurv—hlled
—-G-uhc with diffusers at ecach end. A corrugated ﬂaphra;_m separates
the niercury from-: the engine gas at one end and from the hydraulic
fluid. in tht"L(‘l’lL rator‘mmulator at the other. The necked-down
~conliguration producc.s the effect of a much larger mass than is
actually: present:isimilar to a flywheel attac hed to a speed-increaser
Cgearr therefore tho_ name “fluid flywheel.” For the reference
design, thc\'u)uple- ris 96% etficient. One inconveniance in this test
is the rdéac unn mrc es of the Cuupl(‘ r which reqmre ru.xd anchormz_‘
for the test. Infa pr iCLlCdl system, imbalanced forces are elimin-
ated by two upp(rmnu ouplors or inertial members. A liquid
umplo r can also be coiled to reduce system dimensions. Another
anmajor change antic lpated for a practical generator is in the dis-
phu er drive system. . The present crank and flywhecl me ‘chanism and
sliding scal will be replaced by a linear electromagnetic drive -
mechanizm w ith full flexuratl suppu"t. A dynamic icoil motor has
“heen cum c-pmah\"de signed with 27% e*tucr.cncv (Appendl x E) at the
()h(‘-\\d“ level for a 50 wiel STEPZ generator. ‘This approach has
more basic simplicily, which is a fundamental objective of the
STEPRY .offo;t. than doos the prcml’-of pr'ncm]o dc— sign,

The umwratnr simulator is’a liquid ])ump.' Pump cnmphance and
prossuro s in the acc umulator and reservoir are chosen to simulate
action of the piezoelectric generator. Power output of the simulator

can be checked by measuring the steady flow:and pressure drop at
the thrmtlo valxc o P - 1

Figure 1-6 shows the proot-uf prxnmp]o do\ ice based on current
Cdesigns. The (,uupler is mwounted vertically ona firmly anchored
I-beam. The engine operates horizontally and is attached to the top
of the Beam.. Theé simulated pw/uclcc tric generator is.on the side.
The test system is about 39 in. high. 23 in. wide, and 24 in. deep.

1.4 DESIGN GOAL CONCEPT
The proof-of-principle device is not intended to be a prototyps of a
practical silent power source. Once the proof-of-principle is
demonstrated, a number of changes and.additions must be made to
develop a practical prototype. These are expected to be:

l. A piczoclectric generator instead of the simulation.

2. A counterbalanced coupler to eliminate reaction forces,

3. A simplified displacer drive mechanism.

t
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4. Automatu control to give de:,u‘ed output vo]ta;.,c over
the {ull power range. !

5. Burner heat source.

=
L L. Y-
——— - . . - . . . R P8

‘6. -Radiator heat exchangér.

1.5 PIE7OELECTRTC GE’\IE‘RATOR LIFE TEISTQ

L1fe tests. werc conducted to estabhsh the effect.of extended cperation

(2000-hour goal) on several piezoelectric stacks with different surface

finishes at various environmental temperatures. Four life test
assemblies were fabricated similar to an IRAD prototype system wh1ch

. was'designed and built in the interim between Phase I and Phase II.

Each test fixture consists 6fa stack of eighty 0.5-in. diameter by

- 0. 040-1in. thick plezoelectnc discs, restrained within a rigid load

frame, ‘together with force ‘and dlsplacemert measuring instrumenta-
tion. Electric excitation at 60 Hz is applied to 70 discs of =ach stack,
which generates the: drlvma force to excite the 10-disc qenerator stack.

Specified test condltlons for tne four stacks are summarized in’
Tabie 1 . - |’.- '

In adcutxon the IRAD prototype test f1xture was reassembled in a new

configuration and life tested concurrently with the contract stacks:at

room’ temperature, The IRAD stack is umque in that it utilizes a .

60-disc driver stack and the generator stack is only 0,25 in, diameter.

This enables the genel ator to experience the full deswed stress swmg
. g CoL ,

R i-‘-'?’Tamel-l
SPECIFIED LII‘F‘ TEST covmuows

Maximum Minimum Vendor Specified

' A'mbtient Temp Stress - Stress . Disc Surface.
Stack No.  (°F) (psi) {psi) , ~ Finish=*
| 1 <20 2000 As low as +0. 0005 in, flatness:
_, _ o : possible (standard double lap)
2 <20 9000 ~ £0.00005 in. flatness
o : D ‘ © {optical lap) ‘
3 Approx 70 9000 - 40,0005 in,
4 Approx 150 9000 - 40,0005 in,

“After 1000 hcurs of life testing at cold point of standard freezer,
‘ambient test ten serature will be reduced to s-25°F for 100 hours
of operation, A: er this 100 hours, life test will continue at <20°F
ambient,

v As specified in Gulton Industries, Inc. Quotation No, 1382, 12/15/71.

10
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of 1000 to 9000 psi,

in contrasf to the contract stacks where fhe

generafor»s'tre"s swing is typically around 5000 to 9000 psl as a result
of e\cebsw stack compllance ’

AU tacka have survn'ef“ the life test with ;otal times of 2500 to 3300
"hours.and are ‘continuing to accumulate hours wath the exception of
stack number 3:which suffered irreparable damage as a result of
acmdental overstressing during a preload operation. Several isolated
discs indriver sections suffered electrical breakdown during the life
test, ‘but in ‘each’ case, the appropriate 10-disc segment was removed
from the ¢ircuit and operation continued, No breakdown or severe

de ﬂrarhtmn occurred with anv generator stack,

Quality conlrol with commermallv supphed pze/,oel sctric discs is a
‘practical problem.~ Standard lapped discs were microscopically
I’Q .sonably smooth, but pelarization after lapping caused warping with
.02 1o 0,004:in, deviation from flatness. The optically lapped
(‘1 scs were much better, but only about as smooth as the vendor
spccnwd finish for} sfandard discs, and parallelism of the flat surfaces
was poor, The w arped discs tlatten with a relatively small preload,
but compliance of the standard discs was substantlally higher than for
H.c optically lﬂppcrl discs, Those stacks received from the supplier in
a permancmlv bonded state exhibited even higher compliance and were
not used for Lifé: ;"te.stxm... ‘High compnance is a severe problem for the

driver stacks 'asiuged. {for life testing, but may actuzlly be beneficial
in a pure penerator nppl'catmn. To maintain operatmg voltages at

m_“nnagvah.c'lq\'c s,  many relatively thin'dises are used. The resultant
large number of interfaces is the principal source of high comphance

Cwith the resualt thatuch of thv strain energy prormccd 15 not applled
‘o, the gencerator -rac~l\.

s

L One result of nearivall stack testing, or even preloading to a sub-
“stantial axial load, is that myanv of the discs crack into two or more

pieces. Based on MTS teéts using discs before and after cracking
ovcurred, no apparent peérformance degradation results. from this®

disturbing phenomenon, Some of the life test 'acks were found to have
cracl\ocl (hsCs after assembly. '

Through 7 ‘Sc-ptumbo r 1973, the IRAD stad\ had accumulated 33 36 hour'
of excitation for a total of 0,721 x 10" cycles, - Of the 3118 hours :
accumulated after the final load was es abhbhed ‘the redu¢tion in nor-
malized output power was less than 3%, discounting occasional statis-
tical or other variations, The normalization applied to the power
output, ! based on theoretical expectations, was to divide the power
density by the square of the applied stress swing, Efficiency data
showéd considerable scatter, especially about 900 10 1200 hours after
life tests began, but the efficiency n'oml was basically constani.
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demon_stratiled, to.be feasible, ~although ™many ‘practical problems in
i.ntegratfng'the generator into a practical power system remain to be

resol’ =, Present costs of piezcelectric discs and assembly techniques
mav . ¢ prohibitive for'most applications. .-Cog#ling reliably with the

High-force low-displacement characteristic of piezoelectric generators

pr:sents significant problems as well. If sudcessful application of

- Stirling engine piezoelectric: generators is made, it may initially be at

very small power levels where the piezoelectric generator is unique in

~ maintaining.a high efficiency. .
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- while the displacer moves. from mid-stroke to bottom dead center and

’ reg_mn,. Becausn hot expansion work output is greater than cold SR
- compre ssion w m'k reqmremont, net power m dehvercn by the engme.-

/ Varmus app roaches to analy/mg modified" Stu-hm. cvcle engmes have

v ’ ; L -Section. 2
IVVESTIGA TION AND DISCUSS@N
Th1s ,section dxscusses the analytxcal methods apphed to all the = o

components of the system, how these methods were used to arrive at
a referencc design for the proof- -of -principle test device, a piezo- "~

‘electric generator. deswn to meet the same requirements, ‘and

méchanical design consulerauons incor poratecl into the proof-of-
prmuple test device.

2.1 .A‘N‘ALYTICAL' METHODS

: Concurront with this work, a computer simulation has been developed

for a Stirling engine, coupler, .and simulated load: system in an
mdependem research and development program. Based on
experience with this simulation, a reference design was chosen and
the: meu_hamcal dengn 1ayouts were completed.,

1
i L .l

2. 1.1 Ename Analysxs

~

Figure 2 1 shows a sxmphﬁed schematic of the engine.  The:- cyhnder

wall consists of d1screte heater, cooler, and regenerator sectmns. ,

Inner surfaces of the ‘heater and cooler are held fixed at the heat
source and sink temperatures, respectwely. ‘The- req,enerator sectmn
has ‘an approumately linear temperature profile betwcen the- hnater s
and cooler temperatures. As the ‘displacer reciprocates inthe = . 'f,';
cylinder, enginc¢ gas is shuttled bétween the hot and cold ends throug,h :
the thin annular ¢learance. The power plston follows: dxsplacer -
motion with a' ph?se lag.near 90°. ‘The expansion stroke occurs:

back to mid-stroke:(while most of the engine gas is"in the hot regmn)
Conversely, power piston compression occurs while - the (hSplacer
moves between mid-stroke and top dead center (;.,as mostly in the: cold

been d(‘veloperl at DWDL over the past five years. The most: exten- .
sively used is the isothermal analysis in which gas ‘volumes in the
engine are assumed to have a steady \emperature throughout one cycle'
This is an‘integrated approach in which all computations are time
averaged over one cycle. "All loss mechanisms are assunied to act
independently so that the principle of superposition can-be applied. .

13
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~well saited (o paxamotn ic

The

ceycles The computer progran utilizes

R ' e
i \ T .
\na]\ns can bv xodm ed tu lho solution. of a set of alu(»l‘)r

aic oqnatmns‘
This approach has

the d(]\’dnl{l“(‘ of short (omputntwn times and is

survey and optimization analyses. It has
been used with good s success in accurately analyzi ing engines for the

National: II\‘.\ et "m(l I,unu Ineutute
) :

ther b:x"’ic’ tvpe of program is called norisothe®ma’ “ecause gas

volumes in the engine have a changing temperature throughour one

a time-step solution which

nmdols the system with simultancous interactions and inherently

cludes nonuothormnl heating and cooling effects caused by pressure

l‘mnuos. The accuracy of the results is limited only by the accuracy

of the wn; \lytual model and the time step size, which can be a rbitrarily
small in principle. Computer running times are typically two or three

orders of magnitude longer for the 1atte r prouram beeause a full set

of caleulations must be macdd for each time step in a cycle and the

~.()1ut1nn must continue ‘through se ve ral-cycles to olvmm.xtv transmnt

’ ('omputv v 'pr'w Fams r(*px‘o%muinn both types of analyvtical models

have -been used in the design-of the STEPZ proof-of-principle system.

~The isothermal program requires al)ont scven seconds per case and
‘is set ap for ranning pa rametric sur\'(’Vs with minimuam cffort. It

has proved to be satisfactory for optimizing all parameters except
um'\pr(-»:inn ‘atio.  If the latter is restricted to values.known by
expe rience with the nnmsothm mal simulation to be reasonable, the

fisothermal’ pr n"r.‘nn can beused with confidence to design new
“engine confignrations, and in pr'.utu ¢, 18 the only leasible means

tor so duinu‘. The m)an()ihe rmal simulation inclades dynamics of
the entire systenyand provides the best aoailable accuracy for
predicting operation of a given syster s <esian.= Comparisons are

made in Section 20201 be tween the isooe l’ll‘hl] and nonisothermal
'p('!'l()l’nm nce predic tions,

The isothermal program was developed to operational status and
\1\(-(1 with;extensive p.al,nm'lt"c isurveys to establish the STEPRY.
engine geometry, prior to initiation of this program. The simu-

lation' was then wtitized during Phase [to verify the earlier

«nn'\-in( design and 1o refine thé operating paramete vs and porlm‘
mance spec ific .lH()ll\ w In~u- neCessary.,

2o 0o Isotherina Analysis

In this analysis, gas temperatuares in o given region are assumed
pot to vary in temperature over one cyeles Average hot and cold

Uas h-xnpt-!uluu s e de tvrnnn(-rl by an iterative pl‘n( CSN basg¢d

on Himiterd heat transter, Power ontpul isicomputed from the

Se hiniedt copiation (Reference 2Y which is an analytical solution of the
pressure-volmme integral over one eycles Sinusoidal motion of the
reegres e rator el power piston with o specified tised phase angle is
aseanwed, which is vory realistic tor conventional Stirling engines with

1%

Best Available Copy




mvclmmcal pha\mu“ In the STEPZ system, both power piston '\nd

dhplacor move almost s muboulally but the phase zm;.,le between the
two b not n\ecl. :

HLat transfer between metal zmd gas in the annular_clearance is
de{-eHnmed by as summ" laminar gas flow. ~The he'at transfer
coouxcwnt <lopend on annular clearance and not on gas velocity.

The heat transfer calculatmnal approach is given in some detail in
Appcnch\ D. »

Imperfect heat'tranﬂ;fer in the heat exchangers reduces the average

hot pas tompe rature and increases the average cold gas teniperature.

The basic’engine heat requlrement (second law heat) is computecl
from output power by assuming the engine is an ideal heat engine

with Carnot cffici iency computed on the basis of average hot and

cold gas témperatures. Another set of ‘heat requirements (or losses),

only one of which is’ 1me1cant in the STEPZ. engine, apphe% when
.the engine is running. Less-than-perfect heat transfer in the
regenerator region (mam reheat loss) contributes the primary loss
mechanism in the STEPY engine. Main recheat loss results from

not regeneratively supplying all the heat necessary to increase the:
gas temperature from the cold to hot values as gas flows through

the regenerator. Heat which is not supplied régeneratively must:

be supphed by the heatm .. Calculation of main reheat loss isdctailed
in f\ppemh\ D. The ‘rest of the thermal losses apply whether the
engine is running or net. These include insulation loss, cylinder:
and displacer \\ja’llconductmn, and gas conduction and radxatlonA

through the (’lisp'laqer.'

In high power eaneb, mass {low around the regenerator is a
critical parameter. In the isothermal analysis program, the maxi-
muam and minimum mass of gas in the hot and cold gas space is
computm! from a formula which considers the sinusoidal motion .

of 'both the .displacer and the power piston, fixed gas ten'x]w"atm'.s,
fixed total mass.of gas, and an instantaneously uniform cngine pres-
sure. Mass flow calculated.in this way is only approxin:ate and
leads to a significant error in main reheat. This does not have a
‘major impact on the optimization capabilities, which represcnt the
pl‘ln\(‘ usage of this program. Windage power is based on the fur-

“ther 1ppro.\1nmtv.nssumpuon that pas flows past the displacer.

sinusoidally, but \Hnda;_,c‘ calc ulations are nevertheless very
accurate. ’

2. 1. 1.2 Nonisothe rinal Simulation

The nonisothermal dynamic simulation overcomes most of the basic

limitations imposed by the isothermal model. T'wo basic versions of
the simulation are available for specialized applications. The simpler
version, like the isothermal program, calontates performance of the

cmine only, Power piston and displacer motion are specified as

16
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B R mu\md.\l \\uh A fixed ph.\so lag. This solution stabilizes most rapidly”
G o l)c cause only the rmal'processes are affected by transients. A more
: ' «complete simulation includes an equation of motion for the displacer
7 ‘ coand couple r and a generator simulation.  Bee a\ho the displacer
. oquathn of motion includes tlv\\ heel tmq.no aa;e\tor nally driven dis-
! placercan be smml.no(l by specifying a large moment of inertia for
R ¢ the flywheel. W lnlo the nonisothermal simulation is a substantial

}} improve mcnt ()ve r pre\xmh tew hnlqm-~;, it 1'0111:1111% incomplete in two
general areas. :

1 he m.\mx' thox mdl 1n'u ¢ lll’(\k\’ involves spe cification ()1 lincar u‘n\p(“- r-
ature pl()lll(‘\ in the cvhnde r and displacer sidewalls.f ! Calculations
showed that.  on the average, during the cycle, some portlons of the
cylinder and the displacer walls in the reuenorator were losing more
hoat than rhm were receiving, and no provision was made for supply-
Jing this heat irom the heit source., (Jthcr portions of the regenerator
were gaining more heat than thev were losing and no provision was
‘made for conducting this heat to the heat sink. Figure 2-2 shows
the average gas 'tempo ratures for the 10 nodes of the dlsplagcr in
comparison with the as ssumed temperatures of the engine for the
. reference design.  In the hot space, heater, cooler, and cold space,
: . it is expected that the .aive rage gas temperatures will be different
: than the metal temperature because of the net heat flew through the
engine. However, in the regenerator, it'is assamed that there is
no net heat flow between the gas and the walls. For the displacer
SRR ‘this appears to be true. In the case of the cylinder wall, for the
© 7 Tassumed temperatures to be true, additional heat must be supplied
from the heater and be conducted along the cylinder wall to supply

nodes 3 and 4. "In'the same way, additional cooling must be
: ar ':mgi'-c] for nodes 6 and 7. Under such conditions, an accurate
§ heat balance was not possible.  However, the¢ effect on overall

performance is very minor. ‘In actual operation, experience with

heart engines shows that an S-shaped wall-temperature profile will
result with minimal elfect on engine the rmal requirements. The
g - basic heat reguirement for the engine is determined by JpdV in

E ' the hot spice plas a caleulation of the main reheat loss.  These do

not depend on the computed heat transfer from and to the nodes,

The problein could lm remedicod by adding nodes in the metal walls

of the regenerator, each with'an appropriate heat capacity and

o . thermal cotductance to adjacent nodes, but the simulation thvn would

‘ doore (||mv repre ogranuning for o larger computer.ai n(l become cos stly to run.

BT

, A'l’h«- other the x'n'ml _infn'v;n'ncy concerns the unce r'taimy ol 'ho,m fransfor

P opate at the end walls in the hot and cold regions. A conservative
asswmption’is now being used in both hot and cold spaces. It is assumed
that no Lulk anixing occurs, and heat transfer occurs through stagnant.

. » g, Only with cxperimeintal data con this inacceuracy be assessod,

: - ' : . J
A nnique method of computer simualation has been developed which
- : allows aonuch Targer time step than is stable Tor a conveational

17,
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xmprn\'onwnt has allowed limite d use - of
aonis ntln xvx.al paramutx'n survey lvghnlquo for this report,

simutation scheme, I}n~4

Some amore subtlc (Iulo rences between the uotherma] and nomsothermal
stmulations u*qun'udxsx ussion, - In the isothermal simulation, second
Jaw heat anut is dete rmined by applvmg the Calngzt;eq\xalmn to the time-
averaged gas lvmpmntnro\., This is only an approximation at best, :
hecause tho nature of the temperature variations over one cycle have an
impact on heat transfer. For.cexample, in the STEPY reference design
case using the nonisothe rmal simulation, hot gas temperature at one
peint reac hes 607C above the heat source temperature. This results

in some heat flow from the -gas to the heater which must be made up
(Iumnu other pa rts of the cycle. The net result is that most.heaf is
transfe rred. to the pas w hon it is at below-average temperatures.

The éffective tempe I'dtll!‘(‘ for determining sccond law heat input from
the Carnot "vlumnshxp is, therefore,. below the time-averaged gas
temperatare, and, for this reason, the isothermal program gives a

low value for second law heat input.  However, the nonisothermal

axmu)atmn can exactly determine the value by numerically integrating

the prossutv with respect to volume in the hot region over one cycle,

Work outpul is similarly calculated by integrating cold region pres-
surc with respect to total gas volume, Main rcheat is determined

by the same basic equations as in the isothermal program, except
. that it can be compuied nmr(-’duuralvly because it is based ow

instantancous mass flow, This results in a significant increase in
c'al(‘ulal(-d‘gmain rohoat, as discussed in Appendix D,

; ‘
In the mm'o c(nnplv ¢ engine simulation, displacer piqtun motion. is

“determined by a forc¢e balance on the displacer which includes such

effccts as drive chamber pressures Hy\xhvol torque, friction, w indage,
gravity, and spring forces. Flywheel torque is determined by solving

a torque halance ((malmn on the flvwheel.

The eqiiation for (lxspln( or r{vn.xnm force Iml.nm ¢ is (Figure 2-3).

- -} - - 12 ‘ - ..o 2 D
Py A pis - Ve Pois Ayt - Py, e cos o1
+ Spring_: Forces - Gravity Force M])IS :V:I)IIS

whe re ‘ ‘
i’bn : i"v";"-“v""‘ji""‘ in .hul space ’
A‘l){S ' ‘('l‘(;‘:-i'ﬁi-r:l't'!i()ll.'_l] ;‘u Foea of (lis]‘,'v]:\cv r i
.!"(5: . ;')x'(,-fssqltﬁ‘(- in cold space
/\D © cross-sectional area of drive rod
}'“ rl‘n'i‘\f«- ('hlmnh:-r pra-ssuh-
{;'(: - densionor compression force.in connecting rod
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TENSION OR COMPRESSION -
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, _Figure_ 2-3. FreeD

isplacer Simulation Terms
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¢ - annlo between drive rod and. umnec‘tmg, rod
l~‘1_. - tru tunml drag on drive rod

MDIS rcciprocating mass of displacer =
'\I)I‘S - . linear acceleration of displacer

The counecting rod force,’ 1-‘(,, is determined by a torque balance on

the tlvwheel

I-C‘r; rank 510 (:0 < ¢) = Frictional ].m*quo-} External Torque : 1 (2)

where -

r < _l‘ank arm radius
crank

i

. ! I ) . . )
Equation | is solved for displacer acceleration, X .., at time t, and
this value is‘used to determine the velocity, 'XDIS and dis splacement

0. angular (l!splaronwnt of connecting rod h'om ‘top dead center
i lly wheel moment of inertia

Dl | o . . - . .

‘U - angular accelerationiof the flywheel

l'l'o:j\ l}nilcllp‘oi‘nt,' x\DIS’ at time L At by
Npgs (£ A8 ms (€) + \I)IS () at : (3)
Xy (t+ A - N (X I)Is (1) At 1/2 1)1% (1) At (4)

'["l_io external torque term in Mquation 2 represents the torque applied
by an electric motor. If this is zero, there is a net force balance on
the displacer at any time which moves the displacer in some manner,
It is desirable to kave sinusoidal motion with the displacer leading’

the coupler by approximately 90°.

2. 1.2 ‘(Inupl(- r Analysis

Figure 2-4 shows the drrangement of the fhaid coupler. The basic
clemient is the raid inertia column contained within the coupler tube,
This inertin column pormits optinwm engine and load performance

by clitminiting the rvqml('nn nt of instantancous engine and load pres-
sure equality,  This is made possible by the large pressure diffor-
ence required to accelerate the Tiguid column at the velocities and
displacenwnts of interest, '

T o N N latakd
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l.he fMuid is contained at each'end of the coupler by relatively la rgve
diameter corrugated metal diaphragms.

Diffusers are provided at
each end to minimize couplér tube

entrance and exit flow losses.

The corrugated diaphragms are thin and Lannotdﬁxppor 4 significant

pressure difference. Wlth reference to Figure 2-4, the equation of
motion of the coupler is : |

Pg Ve ._p].‘.{xc P(JLC e C-I/ZCCACP (} =0 (5)

whe re

PE | ' cn;mo prc" sure‘
AC - coup’lje r tube cross-sectional area
\PL : 10:1’(! Préssure B ‘ ' -
v o o
| P cu(iple r (luid density
: Le - co‘upl.fe;r; tube length
‘(L - fluid accele rétipn in coupler tubé
, \ ?.\'C fluid velocity 1n coupler tube | .
"Z C(: flow loss é‘ov!’ficienl
Tl’hebl'):ow ]():;S (rc>c.11'l"iciez'1t is given by B - )
Ce o= Oy Gy . S 6
whj.- re : ' g |
€, diffuser coellicient
C’I' ~coupler tube friction coefficient

The rhl'usc-x coclficient C 3 includes friction and entrance and exit
losses hetween the cou plvr throat and the corrupated diaphragias. It A
is o complex tunction of throat angle, throat length, and Reynold's
menber.  As used here, it includes flow losses in the diffuser proper
plus o fall head Toss assuming sudden expansion at the end of the
dittascr, These twoloss components are plotted in Figure 2.5 as
tanctions ot the area ratio at the two ends of the diffuser,  The two
diffuser loss curves ave experimental correlations from Reference 3
for loss cocfficients at the specified upstream Revnold's numboers
with an optinnun total diffuser angle of 7, 5°, These o ssentinlly
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bracket the range of loss coefficient values ’Ihe thnd curve represents
the total head loss for infinite expansion irom the large end of the
diffuser. The STEPZ coupler design has an area ratio of about 6
“which gives a near optimum total loss coefficient gf0. 12 to 0. 16. A

P . -
. - comservative value of 0.2 is used in the simulation,  The coupler tube

friction coefficient is expressed in general terms by the Blasius
formula Reference ) for turbulent flow through smooth pipes and
represents. all friction losses in the necked down region of the coupler.
It is expressed as :
_ L -

;\'hgv re.
Re .Rvynblcls number
I.-C : “crum)llm;tu!)o length
Ks! c*(»ui;l(- r tube diameter
R CT is t‘ypi’call\_,l ().'.:‘-516 0.4 which is un’tho_‘ur(kn' of CD.

2. 1.3 Piezoelectric Generator Analysis

2. 1.3.1 Material

The pu'vm‘lt'n tric generator consists essentially of a stack.of piczo-
clectric ceramic ¢rystals which are subjected to (umpr(wswo stress
by the engine .mcl mmplm' While sceveral naturally occurring or vstals
cxhibit piczoclectric propertics. in the last two decades work ha's
dentered on (lou']upln piczoelectric mate rinls with improved electro-
mechanical (unsl(nnts and better temperatare and time Geging) hl.\l)xlny.

: 3

Progress hm-, centered on ferroclectric ¢ l\,st.nls \\llh a perovskite
structure.  This stracture isa cubic close-packed arrange ment of
oxide jons gl the Larger cations, with the smaller cations occupying
octahedral interstices inan ordered pattern,  Useful perovskite.
peizocledctric compositions of lead zirconate titanate (PZ1T) have been
potented in the United States by the Clevite Corporation. Lead
zirconate titanate compositions have 170 1o 400 C curice points (the
temperatare ot which mate rials permandntly lose their piczoclectriv
nroperticsi which permit high operating temperatares. This charac-
teristic. together with .l\nl'ul)](' pll',.()('l«‘( teic (‘1(‘(_ !l‘nnu‘('llillli\'.‘ll
Cconstants, enables power densities of at least 10 w/in.d 1o be achieved,

Polyerystadline coranic PAT material has an advantfape of inore
stable polarization than single crevstals and can he molded into
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desired shapes before polarizing. Table 2-1 ehows the pertment
propcx'tw\ ol some 1mp0r tant pm/.oceramlc materlalh.

Appomh\ A (l(‘HCl‘l})(“\ the work performed by Phybtcs Inte rnational
working with PZT-5H, a material capable of producing a high output

power. for a given stress, and L.LT7 -1 (similar to Pj'l 4), a material

which producc a lower output power for the Lwefetr “ but which
can withstand high comprc sive stresses without dc-‘grading its piezo-

velec ric prope rties.

Appendix.C (lcscribes the analytical techniques utilized at DWDL for
predicting performance and correlating theory with experimental
data. Inc hx(lv(l are cm'rolatmns of the PZT-5H and LT7 -1 data with

t ho ory.

/

2. 1.3.2 Power Output, Losses, and Efficiency

When the piezoelectric cr}ist.al is compressed, energy is stored both

~in mechanical and electrical form, typically about equal in magnitude.

Electric energy is stored as the charge on an effective capacitance;
the mechanical energy is stored as the potential energy of a com-

‘pressed spring. The piezoelectric crystal may be connected to a loacl

continuously - inte rmlttently In the latter case, the material func-
tions as a voli.ge generator with a voltage proporuonal to .the applied
force. This ene rgy can then be dlscharged periodically into a load,

_ Forfeniergy,conversxon‘, , the fraction of energy stored as electrical

energy is all that is ‘available to the load; however, most of the stored

mechanical energy is not lost; it is returned to 1}10 cngine when the

compressing force is relieved. This fraction of input mechanical
encrgy, then, does not enter into an efficic ency calculation for time-

ave raged power

I'&othvelect_r.ical and mechanical losses do occur and must be accommo-
dated in any effi¢iency calculation, FElectrical losses result from Joule
heating and clectrical hysleresis in the stack, Mechanical.losses are
both internal and interfacial and typlcally total a few percent of the out-
put,’ with best pe rfo rmance occurrma at resonance, Internal losses
result from domain motion within the ceramic material and interfacial
Tosses from relative motion of the ceramic with respect to clectrodes

and epoxy at the piezoclectric disc interfaces in the stack. The elec-
trical losses arc dependent on the clectriv ficld.on the disc and on
stress and load resistance,  Mechanical losses dvpvm! on stress and
pu-;ucloctxu stack L«»umvlry

Q)ll')(' rlnlp()ﬁ"(l ()“ 'h("‘-(' (l('l)(‘ll(l( e “‘“‘ l‘- ) 'l"\\l)!‘ rature (I(‘})( nd(‘nk (' :
Temperature affects all piezoclectvie propertics, Furthermore,
mechanical stresses oceuar with temperature changes at the disce inter-
Faces beeause of differential (-\p.lll’-«lnll. [nereases in stack lvmpvm-
tre cancresatt Trom internatly generated heas associated \\llh those

oh
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5 , !.nss :ncclmni:;ms or from increases in amlncnt tomperature. Prehm-

o inaryaneasurements suggest some reversible degradation in power
_(mtpul with an mcr(*aso ‘in ternperatm‘ abovo ambicnt, o

For lar"c hwh power plc/oelectru btakl\S, operating tcmperature

__must be mamtamecl low enough that the maximgfi operating stress '

doées not mtrodme permanent degradation. The higher the stack"

operating temperature, the lower is this allowable maxirmum oper-’

ating stress.. For PZT.-4 material, the manufacturer's catalog.

(Reference 3) indicates this stress as 12, 000 psi‘at 25°C but only

000 psi at 100°C. For long-term stable operation, the allowable

stress may be unlv 50% to 60% of these values according to some

manufacturer representatives or may be much higher accordmu to

~others. Only life testing of stacks under various stress and fabnca-

tion conditions can unequlvocally answer the questmx s.of maxtmum

’ allo\\'ablo stress for given. roqun’emex.ts

¥y Sl

In the chscns mn which follows, the nomenc lature mvolved in power
outpit and power loss calculation is introduced. This enables
disc ussmn ol performance expectations, pa rametric clcpendencmq,

AP TR 1 WS SO Y AN S U WA STV IRPB AL

i :
H -
: i ‘maumplmns. l'nccrtamtma, and relauvo m(‘l'us of vontmunus ope r-
. ation versus. pulwe 5| oporatmn. - o
& lho olvuru led a radmnt ueneratod in a ple/ouyslal lh prupm' ‘ Lo
tl()!h!l to the apphed stress :
R ——l—- v}_.’,"_l‘ /AY o S : R ;

where the constant of proportionality, g, is caliéd the pidzoelectric
voltage cocfficient, E is the clectric ficld, V the generated voltage,

1 the ceramic thickness, and F/A the stresstor force Apphod per unit.
area. In this cquation, the use of p('.ll\ force !‘('s(lll in pv.\l\ \nltd;_,e. »
ancd r'ms lnru‘ rvsnll in rms voltage,

To (Iolurnnxw 1hv output power generated by a pte/m legtmc cryst al,‘ the:
unp(-mlum e of torce with time and lhucqm\alonr electric circeait nust be’
established. At the relatively low frequancies (<0500 Hz) being
Cconsidered for compressing the piczoclectric material, the material -
is. u,nsuh redielectric nllv-.\s a \olt age generator in series “with'a L
resistor and capacitor (Figure 2-6), In Appendix C, a more Cmnplete
t-qm\'.lh nt cireuit involving series and shunt t'c-slhtnnc‘o is ullll/.ed as
b..sls for de l.lllvd .lll-l]\"'-l‘-.

VA P (‘.«im 'u{mmtsl Operat inn :

S Four continnons’ (nnn-pulm'd) ope ration, theoeptimum load resistance for
' ’ a nonrcactive load cquals the internal impedance of the stack plus the
impedance of ‘the leads, Because the vapacitive reactance is'so much
preater than the stack and lead resistance at the frequencics being -
considered, ithese can be disregarded, Then, maximum power trans
ferved is given by '
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R “ e rms wt . RL : ’ i
L o W ‘ ' - T
P . . P A , 5 : :

where

S X, - R

e € L. - ' R

For .smu.soulal Lomprg sion, this reduces to

. l"\\'n L’t 2'
wooolts f
R ur w A

where !

N, 1Co

with « the annula r n'oquencv and (,_ the piezoelectriciceramic capac-

Lo n s Ao 0 M A SN YLD N e i A e %

: 1lan( ¢ & A
L w he ro ‘r is 1110 relatlvc dlelectnc conhta'\t of the matenal and ¢, is the
de-hwtnu umstant o[ fne space (8,85 = 10-12 farads/metu r)..
‘ ] ‘;\ppondié_.ﬁ A pro‘vi_'cles a ste'pwi:‘-:'é (lerivat'mn,leadihg to
IR W e = T VL,
£ . where
T s ;ljé- peak stress =:2F_ /A

avy'

'Vp,/ is. thié volume of piezoelectric inaterial = At
. R S ‘ - oo T -

o “ . d - is'the piezoelectric charge coefflicient. - £. 8

For this c¢ase, the equivalent circuit is shown in Figure 2-7.

: Jecause noinet encruy is dissipated by the ¢ apﬂcitm' essentially all

I, . power is applicd to the load, ‘and overall efficiency is near 100%.
T.osses are caleulated using the elec trical diss sipation factor (I) or
tan b1 which equals the ratio of effective series 1‘c=>1'stanco_ divided

by X¢.o Mechanical losses within the crystals are generally small

¥ compared to these vlm trical losses. Muoedhanical losses associated
with:stacking scveral crystals together and with coupling the stack 1o
“the compressing me chanism (e, g., piston) may be appreciable in

i , ~practice, Electric al lo«;s('q which do occur result from lead resistance

Cand internal resistance of the va/,m-lm rric stack, which were assumudl

b - in the first pcxra;_raph of this section to be much smaller than X and

P ¢ nnso-qu('ntly much smaller thin Ry also. Thus the Joule hoatm;_ is

D ' muchi legs in these resigtances than in Ry, which results inthe high

N . v efficiency, While these losses must uv:enlun‘lly be considered, addi-

SR . tional work is requircd before a meaningful estimate can be made, In

i
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sthe lite'rature, myechanical losses are ‘conside red as those effects that

increase compliance of the stack, However, because stack spring-
back is used, mechanical losses are only those frictional or hysteresis

effects that result in heat, s

— g

———

~Inductance can be added to the load circuit to reduce total reactance.

When this' is done, the optimum load resistance decreases, and maxi-

- mum power available from a piven stack incrcases as the inductive
‘reactance approaches the capacitive reactance. At optimum, the

inductive reactance‘equals the capacitive reactance, and stack and lead
resistance are the only remaining components of impedance in the cir-
cuitwith the load resistot. For the same load resistor (R =X ) as
sate maxiniam output power without.inductance, adding 'in(!!iictancﬂé

in this formulation permits four.times as much power because the
inductance has effectively cancelled half the circuit impedance,
thereby doubling the current. Power to the load is IR and is there-
fore increased four times. The efficiency of the circuit is equal to
the power celivered to the load divided by the power to the load plus
power dissipated internally, When the internal resistance und its

field dependence, inductor resistance, and frequency of operation
are included as-in Appendix C; this improvement in output power -
from adding inductance becomes a factor of two instead of four.

I_Z\/Ia":;:imﬁm power transfer can be obtained hy reducing the load resis-
tor until it equals the sum of the stack, inductor, and lead resistances.
The maximum power transfer is over four times greater than what was
possible without the inductance. However, etficiency has decreased
from nearly 100% to, a* best, 50%, if mechanical losses are disre-

garded. Approximately half of the power is now dissipated in the stack

and half is transferred to the load.

" While this condition permits the smallest stack for a given output

power, overall efficiency and stack everheating problems dictate oper-

‘ating at a load resistance well above the level for maximum power

transfer.  As the various power loss mechanisms within the stack are
better understood, the design point can be optimized. Experimental .
measurements. to daté show that 60% of this maximum power transfer

‘can be obtained with electrical losses.in the stack reduced by more

‘than half. Mathematical and experimental details of these results are

presented in Appendices B and C.

The force -(lis[')l:n'c‘e__mcrit diagram for the continuous connection (non-
pulsed operation) is approximately as shown in Figure 2-8.

7. 1.3.4 Pulsed Operation

1/2cv_ ¢
O¢

1t

, stack

Because encrey stored in a capacitor is E
Cencergy becomoes
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DISPLACEMENT
DISPLACEMENT
PULSED OPERATION

- CONTINUOUS OPERA
Figure 2-8. Force-Displacement Diagrams
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s the capacitanee of the stack. !
(SRS . . -

This (‘nt'l'“\ 15 v nl.nbl(' vag h time the plt"/u('lv(ll‘u crystal is com-
pressed or relased. or twice each eycle, Average power is then

el 1 Y "
“‘P“ B d oy \P/‘.

The - tormulation o this o quation .nui the mathematics of pulsed oper-
ation-with only resistive or ro sl\ll\(' and inductive loads arc
presented in Appendix B '

Average powe r daring.continuous operation (witheut. inductance) can be
compared with pulsed operation by

Yoo o an” e Vg s ) os
W T

N : B¢ <

co g T de Yy

This tactar ol 2.5 fis reduced by varjous-interactions of the system
np(' rating in the pulw-«l mode. Foracgiven stack configuration, there
is snooptimm load resistor to which power is. transferred. Energy
discharyes from the stack witha time constant propm‘lwnal to the
cappcitance of the stack and resistance ‘of the load.” By the time tho
force is avain applied, not all of the enorgy has been discharge el:

fact, conly o shinll Traction may be discharged betore the stack is
.wum‘u charging o the next cycele.

\xml 1er Inml.utum on pnlsm! operation is the extent to which the |)l-l()n
supplying stress 1o the stack can maintain this stress when the stack
is being discharged,  This will be deterinined quantitatively by the
interaction of the clectrical discharge time constant and the mechan-
ical displacement time constant of the piston.  Analysis must be done
on this time constant interaction and the use of an inductor in the load

cireuit to dete xnnm- practical operating parameters, Such, system
“analysis \\111 provide better anderstanding of lho relative merits of

pulscd and continnons np('l.ltlunp , ;

OQualitatively sdisregariiog thime constants), the force displacemeoent

The stack is compressed from Ato b on npvn circuite discharged
L ;tnn'u relacing the force (h to C), stress 1.~. released on open cir-

cuit (Coto Dy oand the stack is agiin (llh( haried with uppusxlv polar-
ty 1) 1o r'\‘,

diaurann for pulsed operation mav appear as shown in Figure 2-8,
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. Both continuous and pulscd power output (l('pon(l on several classes of
parameters, System variables include maximum stress level, stress
_ waveform, and lrnqu(‘ncy. Stack variables imclud®éeramic dlamet-or
. and thickness and piezoelectric material parameters., Pertinent load .

system characteristics are maximum a.llm able voltage, load resist-
cance, and lead inductance, :
. I general, ifor a given stress (force/a l‘c:ﬂ, output power increases
i with frequency and with the volume of piesoelectric material.
' S Cutput is, therefore, proportional to the height of the stack and
“the square of stack diameter. 1’>ccausu the output voltage is pro-
portional to ceramic thickness, the same output power can be
delivered at a lower voltage by using rhany thinner ceramic discs
instead of fewer thicker discs. This assumes negligible stacking
losses at the « rystal interfaces. To the extent that these losses
‘occur, output powe rand efficiency will be riecrensod

» o .\bsocmterl with pm/.oeloctru ¢eramic. cr stals of decreasing thicknes
P ' is the cost of labrlcatmu additional ceramic discs for a given output
power., A 0.020-in. “thick disc costs about 25% more than a 0.040-in.
- thick (hm . streual'chno potential losses at the additional disc inter-
faces; twice as many discs are lcq\urecl to supply a given power;’
‘therefore, stack ¢ cost is about 2.-5 times as much. Reducing the disc
thickness to 0,003 in. (to supply_3() volts rms without a transformer),
increases th(- cost by 3 to 7 times above the 0,020-in, thick disc.
- - Further, 7 times as many dx.-u:. are required for a total cost of 20
ji to '70 tlmos as much as thv stack using 0. 020-in, tlu(.k dlb(.b.
| :

'ibtac.kmu is much more diff 1cult and manufacturing reliability docroaseb
“as disc thickness is reduced below 0.020-in. However, the thicker
- the disc, the higher the voltage generated, and the higher the heat
produ( ed within a single disc. These factors limit maximum acecept-
“able disc thickness.  If stack potcnual is more than 500 volts rms, addi-
,tmnnl insulation must be adddéd to the stepdown transformer wxndmg
to' prevent ln‘eu]\d(m h.. This. results in no significant penalty until
potentials of a few thousand volts are reached. +The 0.040-in. thick
“disc dc»wnprovulc sless 1han 400 volts rms at lhv lranbfox‘mcrpnmary

S s st o < Caiy v e o

! A more significant umstmint is heat gene -ated per ’(lis(- .\'nd the

P Cability of the system to remove this Iwnt without the piczoeclectric

! © ceramic overheating and degrading,  The brass interdisc electrical

A connectors also rémove heat radially from the stack. Because brass
has a thmm.nl conductivity about 50 times that of the piczoclectric
ceramic material, the brass thickness can be adjusted so that most

. of the thermal yradient in the piczoclectric disc occurs over the

i C short distance between the brass and the” midplane of the piczos

; electrie disc, thereby making the t(-mpu rature’ increase pl'opnt‘tmm\l

§ " to the piczoclectric disce thickness, .
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S o 10 muht.\te remoxal of heat from the stack, the diameter of the brass
: connectors wan be larger than the piezoelectric ceramic discs. The
bms\ connectors then serve as fins to dissipate heat. Further
.\ naI\ sis qnd design qtuche ;are needed to determine a desirable brass
v vonnggtm"<ontu,m'at1on. These studies must cogfider stack geometry,
: p‘zmer and otncxency, '1mb1ent conditions, and assembly con:stramts.

DT L Otlmr-"dnsiun umertaintie can only be resolved by t(,stmg., the piezo-
DA : : clectric ~.Lacl\s under system operating conditions for extended

;pm‘tods. These uncertainties are primarily in requirements for

: E _ stack preparation and limitations on stack operating conditions. The
IR - umort'untw in stack preparation include piezoelectric disc surface
finish requirements, epoxy modulus, and joint thickness. Uncertain-
ties in stack operating conditions mc,lude interaction of maximum

..0pm'atmn stress, frequency,- and tempcrature, as thcse variables
promote and retard degradation.

2.1.3.6 Simulated Generator

Two generators were modeled and used with the dynamic simulation
program. One represented continuous power extraction, the second
pulsed power cxiraction from the ple/.oelectrlc generator. Initial .
simulation involved continuous power extraction because this was the
operating mode utilized in the testing progranm. Early test results
were disappointing from a power density standpomt, and alternate -

P o approaches were evaluated. The most promising concept was pulqed
o : ~ power extraction, .\\'hICh could be simulated by a hydraulic pump..
o © _Ewa’luation of this 'simulated load concept showed several advantane

‘over that for continuous operation, and it was subsequently

adopted for the reference design., Recent studies and test results
discussed in Appendxces B and C suggest that continuous power . o
extraction may wéll be ‘the best approach for the piezoelectric gener-
ator. Expericnce with the system simulation program has shown

thut the type of load has no significant inmpact on system performance
at the desired operating point. For this reason and to avoid duplica-
“tion of ¢ffort, the hydraulic load has been maintained in the referénce
design.. The paragraphs which follow dcscnbc the t\w slmulated load
.:pp roac he s ‘

In th(- (umplot«- numsothv rmal s simulation of the system, a force-
rh»plau-nu'nt characteristic must be included for the piczoelectric
generator. I)laplacomont of the piston which Comproaseb the stack

is keyed to displacement of the power piston in the test setup because
the coupler has very little compliance. Hpwever, force applicd to the
“generator piston by compressing the piczoelectric stacks depends on
the electrical interconnection of the stacks: A continuous -operation
_ generator simulation test setup w hich at ilizes hydraulic flow dissi-

- pation and pnentmatic bounce (humlu.;r is shown in Figure 2-9. Pres

‘ sure recovery is obtained .|t the gene ratof end of the umplvl' l)v a
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in the coupler and load regions ror the real or sim

, ‘ » ) B

| v , , : -
ditfuser.  This is the point at which work would be applied to the
plezoelectric stack if a real generator weré used. A metal diaphragm
van be inserted at this point if different fluid propertics are re‘quire!:l
ulated 102'1.(1. _ In the

P

simulated load, the {luid necks down to a variable ¥fow restriction
which is cha racterized by both linear and quadratic terms in {low
Ye}ocity' lo represent any desired combination of laminar and turbulent
flow. After passing through the load restriction, the load region

fluid operates against.a pneumatic bounce chamber acting as a spring.
It there were no flow restriction, pressure volume changes V
(Figure 2-10) would move up and down the dashed line, with no work
performe«d. The overall volume of the bounce chamber determines
the stiffness and nonlinearity of this pneumatic spring characteristic.

"With a flow restriction, the generator side coupler pressure is

higher as liquid moves to the right and compresses the bounce’
chamber., Conversely, this pressure is lower when liquid flow

reverses.  The resulting P-V diagram is shown by the solid curve in
5 j , ;

~Figure 2-10. Work at the {low restriction is converted to heat and

dissipated by the cooling coils.

The pulsed-operation generator simulation test setup selected for the
proof-of-principle system is shown in Figure 2-11. - This is a'very
close analoy to a piezoelectric generatotr optimized for pulsed power

extraction {Appendix B). The coupler works into the load diaphragm

from the diffuser on the generator side of the coupler. The load
diaphragm separates mercury in the coupler from hydraulic {luid in
the compliance ¢ hamber, but does not sustain any pressure difference.
With the diaphragm in'its extreme left position and the compliance
chamber at reservoir pressure P (Figurte 2-12), as the mercury
column and diaphragim nmove to thé” right, bydraulic fluid in the com-

" pliance chamber is pressurized to ’P“ (A to B). Sizing of the compli-

ance chamber and compressibility of the hydraulic fluid determine
the slope of A-B. At Point B, the high pressare check valve opens.
A the load diaphragm continues to the right, hydraulic fluid is
pumped into the high pressure accumilator at constant pressure.
When ,1’h4--dinphr:igﬁn reverses direction, pressure drops (C-D), and

thiv low pressure check valve opens. IPluid is returned to the compli-

ance chamber at reservoir pressare,. P, as the diaphragm continues
its leftward motion. At Point A, the cycle repeats. '

The accumulators aliow hydraalic Tluid to bleed through the throttle
valve at a constant rate, even though fluid is:delivered in pulses, A
throttle valve simualates work (Figure 2-11) by dissipating eneray
stored by the hich pressare hydraualic fluid.  Heat gencerated by flow
loss in the throttle valve is dissipated by cooling coils. This system
hars the advantage of providing a ready measurement of simulated
power delivered by nicasuring flow through the sinulated load and
pressure drop across it It can also bhe readily converted to produce
real work by replacing the throttle valve with a hydraulic motor..

‘-
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o VARIABLE VOLUME PNEUMATIC
VARIABLE FLOW LOAD BOUNCE CHAMBER

" RESTRICTION .

GENERATOR SIDE

" 7. COUPLER PRESSURE - . B
COUPLER THROAT ) '
L7 HEAT REMOVAL COILS ’ . . «

], : : ‘ . : FRICTION‘LESS, MASSLESS
P o ‘ : PISTON OR DIAPHRAGM
Figure 29 Continuous Power Load Simulator
T L L2222
4 - . | e

"GENERATOR SIDE
COUPLER PRESSURE

LIQUID LOAD VOLUME
: Figure 2-10. P-V Characteristics of Confinuous Power Load Simulator
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Performance calculations with the two simulation models show vir-
tually identical system performance at optimum, as a result of the
large coupler inertia. The shape of the. frequency response curve
at off-optimum conditions. differs in the two cases, but this does not

‘affect the l'olorvnco (lewn systent. pu'Jormanu-.‘

—— - : - &

2.2 PERV ORMANCF ANALYSLS
Usiny the analytu_al mothods descmbe(l in Section 2.1, performance

of ‘the prool—oi-prmcxple clevnce and a suitakle pievzoelectric gener-
ator was computed.

R 2. 2.1 Px'oci’%dt’-P)‘inéiple Test Devic_e

Althouuh the isothermal analysis was used to select the first refer-
ence design, ‘real understanding of ‘the problems came th_h the use
of the nonisothermal simulation. Effects of nonlinear springs and
the ‘effect of’ dmplaaer power piston interaction were observed early.

'l‘hcj. a 11y>1~ which led to .sclcctlon of the reference desip.1 is presented
in this section. The design was selected using a very hipgh moment of
inertia for the displacer llvwheel This simulates a driven displacer
which makes it much easier to achieve stable and consiste:t data for
parametric studies. It was subsequently shown, as part of the startup
and transient load change analysis, that a pneumatically selt-driven
free-running displacer is possible. with a realistic flywheel inertia.
It was also found that startup can be nccomphshed smoothly by crank-
ing the displacer with an eloctnc metor.. ’

2.2. 1.1 Eff}uct‘ of Nonlinear Sprimgs .

Some uno\pvctocl and npp.n’ently nnplllleUb results emerged durmn
development of the dynamic simulation. . For example, coupler
oscillation sometimes occurred at a frequency different from that of
the displacer, typically in integral ratios, such as five power piston
strokes for four displacer strokes.. Bi-stable modes were also
obscrved, e¢.u., two cases with identical parameters and slightly
different starting transients stabilized with vastly different operating
conditions: These phenomena were:at first attributed to the usual
anomalics which appear in a complex new conmputer program. Eval-
wition of sitplificd nonlinear spring mass analogies to the STEPZ
system showed, thowever, that these were real effects rather than
compmter idiosyherasiess '

The STEPYZ system is highly resonant and has relatively little damping.
This results from the larpge amount ol 'inedtial encryy storage required
by the coupler, as compared with the work output of the system. As a
result, system pm'fm'mance is quite sensitive to operating un1«l|tum~.

a8
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and design parameters,

N QI

The coupler is analogous. to a driven spring
mass .s_ vstem, with the oscillating liguid colummn a$ the mass attached
to the hydraulic load sprmLon one end and the pneumatic engine sprm;_,

on the other.  The problem is complicated by the factthat both springs

and enctne-drive force are nonlinear., These wonlineXrities are the
direct cause of the bi-stable operating modes (Reference 6). Simi-
larly, the differing displacer and coupler frequencies can be caused
by cither the nonhnedrxtxes or transient effects. These effects were
nreatlv reéduced in the 21na1 r('ferencc design as a result of reduced
compre slon ratio. : :

|
\

2.2.1.2 Effect of Displacer and Power Piston Interaction

' The sensitivities and dynamic interactions betwecen the displacer and
~p0\\er'p1ston caused enough problem in the simulation runs that an

early decision was made to add an auxiliary e'ectnc motor drive for

the displacer. This approach essentially reinoves one degree of free-

dom [rom the system and grecatly simplifies control. The final
reference design exhibited much less operating sensitivity than the
initial design. This resulted pmmanly from reducing the compres-
sion ratio of thé system, which effectively increases the ratio of work
removod from the system’'to energ thT(‘d in the coupler. The system,
nevertheless, remams highly resonant. - o

i

»?..'_2.,’1.-3 Compréssion Ratio Efl'gact:ﬁ

The classic solution by Schmidt as refined by CGioranson, et al.
{Reference 2) is based on the assumption of isothermal conditions in

“the hot and cold gas regions. In the.isothermal program, this assump-.

tion is carried through into thermal input computations.  The primary

. factors \Vhl(h contribute to making.this-assuniption unrealistic for. the

STEP/. engine are pressure changes over one cycle and operating
frequency. The combination of large pressure changes over one cycle
with high cyclic rates results in rapid pressuare chany:s with time.
This tends to cause pressure changes to be more ncarly adiabatic thra
isothermal, with large resultant tomperalurv cham_,cs or nonisotherr..
effects over one cycle. The relative problény between engines for the
artificial heart and the STEPY application is that the operating pres-
‘sure ratio is increased from 1.2 to 1.9 and the frequency from 20 ‘o
60 Hz. The problem is further augmented by an increased heat trans-
fer requirement per umt hcat exchanger area as. rhscus:sod in
!\ppendx)-' D.

Thi ,roblom was ror(;;.,mu'd carly, but the isothermal pl'oa_ram was
the oriy means available to establish an mltml reference design with
which to begin the mev h.\ nical design effort.: Early results with the
nonisothermal program led to the conclusidn that the compression
ratio u(-l(-z ted for. thv initinl refoerence design was un_ high, The
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stroked: volume tradeof! studies wuh thc nomsotherm 1 simulation, -
“as desc rxhed in Section 2. 2. 1. 4, were used to select a near- 0pt1mum
gomprv ssion ratio babed on :,olul analytlcnl found lavion.

EE I S O N Y

T C 01'!\})1‘1‘551()11 ratlo is conventlonally de fmed asghe ratio of working
i : 2as volume at the beginning of the compression stroke to that at the
end.  These pomh are (ll“lCult to determine exactly in the STEPY
engine but are very (].Obelv approxirhated by the ratio of maximum .
to- minimum workmn gas volume. Based on this definition, the
compression ratio of the engine was reduced from 3.6 to 1.9 when
_ A ‘the nonisothermal ammlatton was used.to establish a new reference
Lo - desigu. The resultant increase in displacer stroke crhused perform-
SRR : ~ance reduction because of .increased mass flow through the regener-
ator with attendant hwher main 1*eheat loss.

~

2 2. 1.4 Design Txades and Prccllcted Performance of

P . SR I\elercxllce Design’

oo . Two reference designs were used during this effort. The initial

‘ -~ reference design was established prior to the start of coutract -

work using the isothermal program. A summary of computer
performance, operatmz_, conditions, ‘and geometry is provided in
‘Table 2-2 for this initial design (first column).. ‘Following completion
o L - of _the nonisothermal simulation, it was used to establish &« second
S rreference design (center column). The last column in Tavle 2-2 shows
AT performance of the second reference design,; calculated asing the
‘isothermal program; this calculation is prescntcd to. co: 1tra<:t the

re sults obtnmod wuh the two computer programs.

S The major 'difference between the [irst and second' designs is the
- compression ratio. - The isothermal program, which was used to :
' ' - establish the initial design, predicts ever increasirg. pzriormance with N
increasing compression ratio.” A complessmn ratio of 3.6 was
arbitrarily svlcr ted for the initial reference desipgn as representing a
practxc.\l uppor limit. The compréssion ratio in the second reference
design was reduced to 1. G because of.the nonisothermal heat transfer
effects discussed in Section 2. 1. 1. 2. This was accomplished by
rcuucmn couplm’ swept volume and incre asm;~ cllsplacc r stroke lem_,th

In arriving at the new t'ofot'ence tle:»u.,n, other -.:cometrlc paramoters
were varied in a limited parametric survey using the simplified
version of the nonisothe rmal simulatior.  No significant ¢ han;.,c_a'were
< Cindicated. However, minor changes weire -made for design convenience.
o For example, engine diameter was reduced from 1.50 to 1.44 in. "so
P . that previously designed displacer support flexures could be unsed
directly. In the l'ollowm;, paragraphs, some of the des u.n txadeof!
and engine dynamic htuches are clwcu~sed.
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B  Table 2- 2 - |
REFERENCE DESIGN PERFORMANCE AND QPECIFICATIONS

i o . . ) Ong,mnlllsuthcrmal New/Non-1so« New/l
Computed l’erl’orman-n:c Levels i, oathermal

Program thermal simul. Program
Power -Quipui (w), . . = - :
=% Gross engme output 5187 L — -7 &F53R 377
~ Windage IH’: : 29 29
‘Drive power — 31 -
~Net engine output 397 ¢ ' 540 349
Coupler-toss. . T ) H (l-#'\))u 22 2
Power delivered tosimulated or .
real load . TIRG (338 518 3T
Fstimated miechanical toss, in Pa :
“stack dfwver (907, efficient) LAY (34 52 43 -
Flectrical and mm.h.mu.xl lus-sc 4
in Peostack . . 44 1 30)* 47 _38
Gross . electrical power gvncra:ud T);i‘(.’.!?-%)* ICH N
Puwer Input (w) : ' . .
Second law tnput’ R 18 991 T Tud
Main rcheat loss 375, 110R 033
Cylinder wall conduction loss 3 45 5
Displacer wall conduction loss 1.0 10 10
Displacer pgas conduction and - :
radiation loss 3. 3 [N }
Insulation loss . 20 20 20
Fotal- 1204 2177 NN
C.‘)mpunchl and "ysu,-m F.ifficiency (%) : ]
Engine onlyj 34.3 S ] 30,5
. " Engine and coupler 384 (26, Ty 23.8 29.°0
e -~ CGomplete system 3101 (20, 7)* Syl o -23.5%
T Cperating Cutdiions )
' ’ BPower phtun ph.lw- lag () a0 943 to 101 W)
Qperating frequenvy (Ha) T HO" 60 ’ 0o
C Mavannim cvele prelsure (psia) S2angs < 227}
Lo © Mibtmnm evield pressure (psia) Xl 1141 130e
; ] Average cycle pressare {psia) SN 1738 1738
\ Saximnm Losici 'vc-sxurp (psiad - 2070, =
: Minimum load pressure Ypsia) - 1392 -
i Overall pressure ratio J.N M 1.7
: Heat wource temperature £0C) 650 A0 na)
Averave hot gas temperatare {20 (IR . anl - niy
Heat siak terperatare (<) E I LD R 40 40
Axerage cobil gas tempe ratare 1°C) BRI Tn nk
Conpler swept volume (euin. ) ISR 0254 a2
(n-nnn'!rh P.u‘.um'h'l s
Coupler: :
Threat o l.onwn-t i) (L 0. LN
Ertrctive feng h At thraat di (m.) | KL 10,0 10,0
Enviner o
Cylinder Maneter G, ) 1.5 IR R] W E)
l'»ispl:.i:--x -evlinder radial clooronce n. 005 0,90 9,00
. {in.) A X . .o
”l\p\ reer stroke length (in.) li. [} 13 a4, 0 0. Qa0 -
; Chisaplas eor saept o ul\lnu' {enindd. Q. 0. 17 (L0 B
Hot end < learance {in. L4 " ﬂll)‘ 0. 010 #€Y, 019
Additional hot deaed \uhunt' Hew in ) @ Q o n.ots - 0,014
CColid eenet « learance (in,) R I T B [URRLOEY [ 708 11 LN
(Adivionat - old dead colwime fea iis ) 00018 LN L
Onverall cylinder Jength fin) 0.0 ol
Heater tenuth iin,) LA 1.0s2
CHepénerator leneth {1n.) Aotk RV
Cooler feneth (in.) ' 2.0 V.07
Peive pston dimmeter fin.) - 0,2
CChmprevann ratin ; [ 3.0 A

CRrincipel valae o asname -mlil p\uum % mmlﬂr. Ao mwldvrvvi for nru!in.vl «h-nu.n. :
Irerentheticnt values rolate tomercury o nuplm tor direct comparison with wthey

S AT,
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The nature of the nomsothermal de51gn tradeq and the relative

_ pertormance sensitivities are shown in Figures 2-13 through:2-16.

qure

-13 shows performance (engine power output and efﬁcxency
w xth n\o

parasitic losses) as a function of displacer<ylinder radial

‘clearance. ‘This parqmeter has a stronger effect’ op=performance

thah—any other. Optlmum performance occurs ‘near“4 mils, but |
5 mils was selected as the design point on the basis of practical

. fabrxcatmn lm~1tat10n9 and mamtenance of a reasonable wmdage value.

Figure 2 1-4 shows the effect of tradeoffs in the heat e\changer and
reaenerator lengths where the total cylinder length is held fixed at

. a practical limit of 7.0 in., which is also a little' below optimum. .

The selected design pomt sacrifices some effxmency to permit

~ enough cooler length for close coupling of the power pxston dlaphragm

umt below the cold cylmder wall fldnge. '

" The effect ot compressmn ratio, in terms of parametnc variations

between displacer stroke and piston pumped volume, is shown in
V‘1gure 2-15. The original isothermal reference design is far off~

-opt1m11m with'the nonisothermal analysis. Some’ efficiency com--

promise was made in the new design to raise the power level above
500 w. ;This reflects a ‘power density limitation for the simple

. dnnular regenerator, at a reduced compression ratio, ‘which could
'not be dbserved with the 1sotherma1 program. This effect is empha-
_sized in Figure 2-16 whlch shows performance of the new reference

- design as .a function of frequency. ~At 20 Hz, power has decreased to
200 w; but the. e(hcxency has increased beyond 40%. Parasitic'losses '
‘were not included in these talculatxons, but their effect would be to
~decrecase el'flcxency at 20 Hz to about 36‘/0 with a sharp drop to zero

fflmency at zero- frequenc.y. »

In Fu.urc 2-16, 1L s '\esumed that the charz.,e pressure remains fixed.
This means that coupler length must be increased as frequency is
reduced. - The prool -of-principle system will, however, be capable
of demonstratxm, increased efficiency at reduced power levels by

operating atan apprOprmte combination of reduced Irequency and
charyge prcssure. e

{
Aftcr l’uml solectmn of Lhe basic geometry and operating conditions
with the . slmplv version of the nonisothermal simulation, the more
complote version was used for additional refinements.  With the
driven displacer and free coupler motion, fine adjustments were
made with load pressures; gas charge, and couplnr length to achieve
stable. resonant operation at 60 Hz with the engine diaphragm nearly
bottomm;_, out on the '-:uppot't plate for minimal cload volumc.

Sv!ert( d (ompuro r plnts in Figures 2-17 and 2-18 show 1'e.sonant
ope-ration of the system. Figure 2-17 : shows hot and cold end region

‘was temperatares and load and engine pressures as functions ol time.

over one cycle. The signiflicance of nonisothermal effects is apparent,
cven at the low (nmprcsqmn ratio of this system.  Hot gas temperature
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Cvaries trom 60 c above the heat source temperature to 226°C

below it. Smnlntlv. the cold gas drops 1§°C below the heat sink
temperature and rises to 99°C above it. Load pressure exhibits

. ‘relativelyisteep rise and fall charactensncs with n;pst of th» time
-speTT Wwith intake and’ dxbcharg

considerably broader on the 1ow’pre ssure portion of the cycle, with

The engine pressre trace is

the nnthmetxc average pressure of 1876 psia at 138° psi above the

time average pressure of 1738 psia. One pressure- displacement and
. three pressure-volume diagrams are shown in Figure 2-18. The

area enclosed By the hot and cold’ region diagrams respectively

. repr-seénts second law heat addition to and rejection from the system.
The area of engine pressure versus total ‘working gas volume diagram,

gives the cyclic work Joutput of the engine. The area of the load dia-
gram, mult1phod by the effective. d1aph1 agm area of 45.7 cm?, gives

_the W OI‘K dehvered to the 1oad

~The chsplacer was drxven at a series of frequenc1es around resonance
to develop a frequericy rebponse ‘curve for the system. Results are

plotted in Figure 2-19. Power peaks with a fairly flat characteristic
right at 60 Hz. Power drops off steeply below the resonance fre-
quency;, but comparatwely slowly with increasing frequency Th1s

characteristic is the' most'pronounced effect of using the pulse . |

power generator simulation as oppoeed to continunus-connection
p1e/oe1ectr*c ;_,enerator simulation. ' With the lotter, the falloff, from

resonance is sharper on the high frequency side and shallower as
lower freéquencies are .approached This results from the dxffenng_,
ch'\ractenstms of the nonlinearities. The resonant point showe vir-

'tually the same oerformance, however.. Efficiéncy shows a much

shiarper peak than power density, which reflects greater efficiencies
possible at lower power densities, The phasec lag of the power plston _
behind the chsphcer is near zero at frequencies much below resonance.
Phase lay increases! eharply toward the resonance value of about 90°,

- then .mymptntu ally approaches ]80° w1th mcreasmg ﬁ*oquency.

2:2.1.5 Free Running Diéf)lac:ei'

AllL <omputc=r runs discussed utilized an e\ttemely large momcnt of
inertia for'the displacer flywheel to efféctively drive the displacer
at a fixed froqueney ‘ecqual to its initial value. The effect of a realistic

flywheel inertia is consequently of interest. -An inertia of 450 g-cm?,
equal to that of the system design, was ‘used, and the system was

started from equilibrium resonant conditions. The result is shown
in Figure 2-20, which plots angular velocity of the flywheel as a

- function of time. After a slowinyg transient which lasted for about
-5 cycles, the system was run for 15 additional cycleb (only 5 shown)

and stabilized nicely. Because of non-uniform drive forces, angular

wvelocity varies from about 350 10 407 radins per second over one cycle.

This represents fully sell driven operation with the drive motor coast-
ingand all windage forces overcome with the pneumatic drive power,
if bearing and seal friction on the displacer drive shaft arve disreparded.

49

P et et e W 00 g e e,



e i T

- {,) 37ONV 3SVHd
8

>.u:o=cw.i SNSJaA SNISHA0RIBYD u.u:n::at.mm ubisaqg 8auslajay moN ..m...N ainbiy

(ZH) AONIND3Hd

T

o0 - %9 09 s

floae-

ost |

s

-

0S-

0oL

ooz

ooe

0ov

00S

009

L0080 2T SN sl T e LI BN AL e T AR B S E R T A TRV €AY ST 0 T AR TR LA - ST SR ST STV | Tk A 2

(M) H3MNd 13N

01

St

0cC

Gz

of

(%) ADNIIOIJ43 13N

50




et AT T N ALY A S

¢'o

oLe

06¢g

otp

waysAg uaaug 3195 Alnd §0 uonesadQ 3jgels v:u jusisuel -0z 2..5_"_
(03S) 3WIL |
9EEEEE’S , 'TO0000't .- 899989'0 YEEEEED

,. c....f

: . ZH09 -

\. ) : ‘v,. N 1/ v

L . U <
- . / ‘ .

. oezz _

- 0gE

- oge

=] 0EV .

(D3S/AVH) ALIDOTIA HYINONY

13IHMA 14 HIOVIASIO




¢
-
g

Vob ot £

s

2.2, 1. ‘o btal tup, bhutdown, and Transwnt Load Cﬁénge

' _; v Chnl‘«.‘t(‘l(‘l‘lbtlc.s -

y ; . . ;

?e\'eral studzes were. macle w1th the nombothermaL s1mu1at10n to.
»mvosunate btartnp, ,shutdown, ‘and transmmt loaztschang_,e dynamxcs.

Sta x'tup :mcl Shutclown Characte nstic

Two types of startup were inves tlgatecl These include (1) an increase

iin displacer frequency Irom 0 to slightly above the design value with

the heater and cooler temperatures held constant, and (2) an increase

in heater: temperature from cooler temperature (40°C) to the refer-

ence design heater temperature with’ the cooler temperature and
dwplacer n’equencv held constant. :

" The mcmasm;_, trequenq qtartup smmlates a condition where heat has

been applied and ope rating temperature has been achieved; at that time,

‘displacer motion is started. During the ‘initial heatup before the

displacer is started, pressure in the engine increases: this moves

‘the engine power diaphragm from its. initial position to a new equilib-
.rium p051t10n which depends on the displacer -position (i.e. the distribu-
tion of pas between the hot and cold regions). These are the’ starting .

positions fOl“rllsplaCPl‘ and engine diaphragm when displacer motion is

started. ‘During heatup or cooldown, a condition is never reached in
“which either chaphra;_,m bottoms out agamst its backup platc as a result

of: stallc prebsur $

f
‘1

- In tho mcrensmg ﬁ'oquoncy sxmulatmn. a forcing function was apphed to

the displacer to increasc its angular velocity from 0 to 400 rad/sec
{equivalent to 63. '66 Hz) in three .-ocond< of real time. Because

Ceffects near (-.x(h end of the -po<-(l ranpe are of primary mtm'ost, the -
_ furunu lum tion was : :

0 .
0. 200 [:; - co:-.(l 4,,_1)]

uhvrv 0 is l.ho dupl.u er Ily\\hcvl angular volmxt) m r'.ullsoc"md tis
time in scc, This function causes the displacer tostart with zero

.frcqm-n«. v and accele ration and increase speed slowly at first, Maxi-

Itmum acceleration is at m angular velocity of . 200 l'ndlmw » which is

reached 1,50 sec after start. The spécd thon continues to increase

to 400 rad/sec at 3. 00 sce¢ while aceeleration'is dece reasing to zoro,
The first full ¢ycle takes 0, 56 sec as contrasted with the final cycle of
0.016 sec.’ Ahot shutdown case is simulatéd: by this same plut with
a reversal of the time scale or 63,60 12 at zero time decreasing to
zero Hy ot 5000 seconds,

-

‘ S!,sr(mL with the u-n-r«-n( ¢ design (un(lnumh {except tor Il'vqmnu\).
the computer simulation required 15 hours to determine system

response to this forcing function,” Power piston ((l|.\ph|'.n,m) position
was plotted as o function of time on a plot about 13 1t lonye, to achicve
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;r a\onablo msolutxon of the high frequoncy oscxllat—xons. " The length
. ‘of this plot makes it impractical to include in this report, because
.. photo reductionto a practical size would destroy essential detail.
A R A similar run-was made with the connecting rod force (F , Equatwn 2
P " of Section 2. 1. 1. 2) a's the plotted variable. This showed "that - v
: instantaneous forces daring sta rtup never e\ceede,.c_kthe design bear-
: .mT_:‘luads., Hwhe\t loads were experienced at frequencms above’
rcsonanco lhose pluts are l'urmshod sepa rately for MERDC review.

GG tara s

'dne une\pectecl but readdv e\plamecl result emery.,ed from the hrst
_ run. A low-to- moderate -amplitude 75-Hz oscillation of the mercury
f:... - column, about a central point directly proportional to power piston
: ‘ position, started almost mnnechatcly. This oscillation continued until
_ _ the displacer reached about 50 Hz, aiter which' the power piston syn-
e chronized with the d1Splacer frequency In normal resonant opera-
‘ ' a tion, the effective spring constant of the load is proportional to the
~-slope of line A-B, Figure 2- 12, during compressmn of the fluid in
the hydraualic chamber. During ‘expulsioh of the’ hydrauhc fluid into
v - the hwh pressure accumulator from B to C, the spring constant of the
M load is zero. The net effective 'value of the spring constant is, there-
' . fore, prOportxonal to the slope of a line from A to C. The system has
been sized to produce 60 Hz operation with this effectlve spring con-
'stant. When the frequency is' appreciably below resonance, however,
the power piston is not moving far enough to’ ‘expel any fluid, so the '
' 'system oscillates along_, a portion of A-B.. This. effective spring con-

e 1 . stant,’; together with that of the engine, is such that the coupler

o oscillates at the observed value of 75 Hu. This oscillation occurs"

o , with a minimal driving force, because the only d1SS1patxon mechamsm
S is from flow losses in the coupler. : : - :

P : -~ The envelopc of the power pxston oscillations follows chbplacer motmn,

R - with no phase lag, ‘to about 25 Hz, where an n’reqular beating between

. ' the driving frequency and the 75-Hx coupler frequency begins and

continues to 47 Hz where the frequnncxcs synchronize. Starting at.

56.Hz, *the power piston amplitude increases rapidly to its resonance

L value at 60 Hz, then.decreases almost imperceptibly at the maximum

. irequency of 63. 66 Hz.. All observations are consistent with pre-
v1ously observerl or calcul'\tul phenomena.

The mcrc'\sm;_, temperature case blmulntcs a situation where the dis-

placer is brought to the driven frequency of 60 Hz, and heat is then

applied. The simulation starts with the entire engine at a tempera-

, ture of 140°C and increases heater temperature linearly to 650°C in
5 thrce seconds of real time. This s simulation also requires 15 hours
B ' of computer time and results in a very lon;thy plot of power piston

’N!nphrm,m) position varsus time, \.\'thh is also furnished sepa rately.

S RETy

This type of stnf riup.y wlticcl a h(:ntlng effect ntt”"ibut(\hle to o sta t'tin_u
‘ transient. Amplitmlc~ varies as well as frequency during this starting
‘ ~transient. These transient effects decay pradually and have almost
| cnmplcu-ly (lwnppvn red after 100 cyclos (1.67 *-sccomla of real time):

,N,...,__...,.....
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after this point, amplitade gradually increases ‘u'ni'formly. At the
end of 3 seconds, heater temperature -is 923°K and the linear temper-
. ature’increase is.stopped: the heater 4s then held at-a constant tem-
perature. When the heater temperature increase is removed, the
average position of ‘the power piston moves toward the engine; all S
variables (power piston position, pressure, temperature, etc.) - - .
rapidly 'St‘ala__ili‘?.'e"ito!th‘é reference design. values. The work output '
| .~ andlefficiency are also equal to the reference desiggvalues. This
' 7 curveralso simulates loss of the heat source with the displacer driven
at 60 . He by'_.r‘eve‘rsir;g‘direétion. of the time scale. -

The _t'no'st significant result of these startup runs and the static
analysis is that no undesirable effects, such as a large amplitude
transient, is expected-during startup.. : ' o

i .
H .

. Load Change Characte ristics

i A P T A g 7 g (T

- : i

The basic load characteristic for simulated pulsed load operation of a
- piezoelectric stack (as in Appendix B, Case IV) is in the form of a
parallelogram shown'in Figure 2-12. .The slope of the sides is deter-
mined by simulated stack compliance and minirnum and maximum -
‘  _pressures; Ppigand Ppygy can ,gé.set to any desired value, Forb'-'the
o referenci design, Pgiin =96 x 10 dy‘n_e/fdm-z and P, = 143 x 10
dyne/cm®.. . . o i ) 4 -

S

. The effect of a load change was investigated by step changes in the values
ofP_ . -and P , after stabilized reférence desigh operation had been
achifV8d, such ¥hit the average pressure remained the same.. This is
analogcus to changing the load resistance, or the voltage level at which
power is dumped to the load in pulsed operation. A summary of these
‘load changes and results is presented in Table 2-3.

f .
1

. In all cases, a run was started with the, reference load, the load was
changed and then permitted to run until stabilization occurred or until
it became apparent that stabilization would not occur for a long period;
At this point, the load conditions were changed to the reference values
again until stable operation resulted.. Cases | through 4 were run to

_ 50 cycles; the reference cases were terminated after 10 cycles. The
. resultant plots of power piston position for these cases were necessar-
" “ily long, and are included separately and appropriately annotated. ’

et A i 3 P [ Y P TR ¢

Cases 1 and 3 had the effect of decreasing the height and increasing the .-

o - width of the pa rallc'ilo_gram. ' Therefore, the cffective spring constant of
) the lonad (proportional to the slope of the line from A to C in Figure 2-12)
: is'decrecased. These runs achieved a stable operating condition even
" though power output was low. Cases 2 and 4 had the effect of increasing
4 the height and decreasing the width of the load pa rallelogram, with a
: ‘ consequent increase in effective spring constant. These cases never
Lo stabilized (power piston position did not follow a regular sinusoidal

‘ mbtion of constant amplitude and frequency); the diaphragm hits the end
stop at'low velocity in these ¢ases, but the overpressure accumulators
prevent damage. ‘ ' : :
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~These stability phenomena are consi
response curve Figure 2-19). An increase in
. the peak of the curve to the right, théreb
quency ‘of 60 Hz in a region '01'_r‘a’pidly; S
- the power and the refore the amplitude.
irig:mé_'p'eak from the left). - In such 3

Cd ST .'3>.'.‘ ‘
2.2.2 Piczoelcctric Generator

Aerence between predicted and measured cfficiencies. is substantial

I i : B .
4 ! i : ;
i i P .
N EERN R [
o IS . 5
i s :
. A v i
'

stent with the engine frequency
'Spring constant moves - -

y ‘placing the operating fre-
changing response (the slope of
curve is verygSteep in-approach< ..
a region of rapidly changing charac-

}

. teristics, unstable operation: might be expected,. especially in a nonlinear

‘ _-“sy_'s_tem:f'su¢h“asVth"iﬂs'_ivg;ixj:jpla_tmn‘_ifépr'e"sént‘s.'_ A decrease in spring con-

~- stant places :theioperating fréquency to the ‘right of the -peak; this region

"+ has much more gradual frequency response characteristics, and the
-system sholld be considerably more stable. '

- The power output and-efficiency associated with any of the load changes
.. is very low and wouldnotbea desirable operating point, but the most

important result ‘of 't

he’se-runs i¥ that no large amplitude transients or

- other. potentially destrictive eifects occurred as the result of change
from load to no load or partial load.. e '

. The'se load-cha nge results emphasize the highly rescnant nature 6f the

STEPY isystem. In the moderate load change cases, stabilized operation
is possible if the system is tuned to:the new operating conditions by

- changing frequency ot other.pa rameters. The mos t likely operating
~mode,.based on present limited knowledge, ‘is to utilize a variable para-

sitic load to maintain:fixed output voltage at the'pe ne-f?tdr terminals.

i
i

" ‘An| analytical formalisn: has been developed which accurately predicts )
-%hJ clectrical _()Lilt;;;u’_t' characteristics for’a given piezoelectric stack., . =
~Appendix- C describes this fo rmalism and analyzes data pathered at

i DWDIL using. thisiapproach, *Both analysis and experiment show that -

an attractive generator can be designed using property values and

‘Himitations of the piczoclectric material given by the supplicers. .

Table 224 gives the results of DWDL calculations for a -typi"c’a:130'0_w'(é:)

Lgenerator together with calculations and measured performance for a

‘smaller stack operating under ‘similar stress and load conditions,

~These measurements verify ‘the feasibility of piezoelectric stacks

operating at a power density of 15 watts/in,3 of piezoelectric ceramic
‘and a stack'efficiency near 70%, . PR R '

Currently, the formalism includes only electrical losses. The dif-
This differénce is attributable to mechanical losses ‘not. zccounted
for, and elecirical losses incompletély or inaccurately predicted,
Nevertheless, a piczoclectric generator with reasonable power
density and efficiency can be ‘built, based on analytical and experi-

' miental results reportedin Appendix C.
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. EE . o COMPU I‘l D l’lI‘/OI* LE,CI RIC GENERATOR (,HARA CT I’R ISTICS
? ‘ ’ | b_tre_ss_ limit: 1000 to 7000 psi -
. L Frequency: - 120 Hz -
: _._‘- - Material;- PZT-4 or eqc-j,v'alcfﬁ?’
L | ‘Calculated Experi- - Calculations
k Characteristic . | 300 w(e) mental Co_rrcsp.onding
T ST - Generator Measure- to Experirmental
| . Module® . ments Conditions
Disc diameter, in. ~ -+ ~ 1.00 . 0,50 - 0.50
‘thickness (in.) ' 0.04 -~ 0.10 -~ 0.10
- Number of disc’s'j | 160 26 26
: Lcng,th of stack (‘n. ) . 6.4 2.6 2.6
'_Output power (\&) 76 7.67 7. 07
‘Output voltage (v) 1336 678 678
Po“ er Dennty (\x/m3)] : - 1s. 0 15. 0 15.0
- Load Rcswtance (gz)- - 1500 ’ 60 ' 60
Load Inductance (h) S .55 30 30
‘c_fflmency o) | ‘,;; ' 92 - 6T ' _ 93

* 4 modules zequlred

Dlchgarc.lng (opper or brass ‘interdisc leadq and any epoty

2.3 MECHANICAL DESIGN |

The three major ¢ ompononrs of the desi;.fn are the engine, coupler, and

load.  ‘This concept is identical to hardware systems prenouslv'produced

; at DWDL, “except for the addition of the fluid coupler which replaces the

o flywheel and mmechanical coupling of a conventional engine-generator.

i ’ When the coupler operates in the resonant mode with about 90° phase
‘1ay, the work diagram is nearly identical with one for a conventional
Stirling enpine. This increases powef output by about a factor of seven

‘ compared with the nen-inertial operating mode of the artificial heart »

E _ engine, -Increased efficiency also results because parasitic and reheat

o lusses change little between the two operating modes, Comparced with
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2_._3'-. 1 E:n‘r ne (I‘U.,ure 2 21)

:_the heart en«vme, the‘ bTEP/ onumv ope ratea with about 10 times the

charge pressuré; 3 times the frequency, and one-half the displacer
stroke. . Beeause thesc Tactors are es sentially proportional to pc)wer

‘output, the STEP/ engine power level can be scaled from the 5-watt

heartengine ‘as 5 watts'x 7 X lO X3 x < 1/2 = 525 watts, which is very

'clo,:_e to th(, ac tual’Vvalue.

s 1 :
I'he::e dufm‘encc in Operatmg conchtmnb have a bl;_,lllflcant effect on
_moch:\mcal deswn stresses and loads. Hn rdware design of the engine-

. “and.simulated load is baaed prlmanly on extrapolating existing and

provon hardware approaches to the required operating conditions and
au~omodatm~v \vstem sen51t1v1t1e mtroduced by the couplPr.

MaJor componcntb of the prooi of prmc1p1e L,enerator are attached to
an I-beam (Figure 1-6) which is the basic support structure for the

- system.’ The overall design approach emphasizes engineering judgment

nd economy. in the use oi proven and low-risk. hardware approaches.

i
A
v

N

The engine mclucl s the 10110\\ ing (.omponents.

1. Cylmdcr
2.. Dlsplacer 'mcl supports

"3, prlnc r flrtve mec hamsm and hou.sum

j - - - B 3 . - v ~
4. Thermal .msu-latlon, housing
, P
|

The| (lI“lVP hou.suw is the basic structure to. which maJOY engine com-

f ponents attach. The engine cylinder mounts to, the drive housing with a

boltzcd flange (‘onnéctmn for ease of construction, ;assembly, and disas-
sembly. The’ powo r piston’ dmphra"m is astached to the side of the
housing. | The driveshaft crosshead is supported in bearings which are
mounted in the housing. The insulation housing attaches to the upper
flange of the cooler scction of the engine cylinder: The crankshaft and
electric startup and drive motor are assembled into the spmcllo housing

"xxhxc-h is boltorl to the nmln housing (I wm'o 2-22).

2.3, 1.1 (fﬂil]clg‘,l‘ '

The engine cylinder consists of the heater and cooler scetion and a

ccentral section to which the heater and ¢ ()()1(' r section are connected with -

flanged joints, - This threc-picee ¢ onstruction allows the use of high-
therinal-conductance materials inthe heater and cooler ends of the
cylinder ana low=-conductance material in the central portion to mini-
mize cylinder sidewall parasitic beat loss,

58
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- \\all heat IOs» is 45 \\’1tts.-

This approa h is ns

heator burnout proh]oms ‘and simplify the design and fabrication of the
<old ho.\t exchanger. 'In a flame heated system, the entire cvlmder
could be fabric ntod in one pxece trom a single high-strength,

low-

lhc u~nnnl pm'uon m tho engine cylmdex 1blncon@{;2:, selected for
velatively good . mac hm'\bxhtv' A production version ¢f the device is
lxl\vl\\ to ise Rene! 41 for the- cylinder material because of its higher-
strenith ot tvmpomtme’ The ID is 1.437 in. nominal with'a 0. 150-in.

_wall thicknéss, and opérates at a hoop stress. of 14, 000 psi at 2600 psi
S n\ﬂ\ Op(}]‘.lt]nn Pr

- Incom‘l 625 value

esvsuro.- This stress:is a factor of two below the
“of 29,000 psi for 0 OOI‘u creep in 1000 hours. At
the 29, 000- psl level, creep per year is less than one mil in length and

“about 1/10 mil m dmmetcr The cylinder will be proof tested at 1.5

txmes opex‘atmn pressure.to: enbure mtevrlty of: the struuture. Side
The hc-:itm soctlon is coupled to the central portlon of the cylmder

with a :lanuod joint using a ‘Haskell HV3-29 V-type high- -temperature
self-energizing seal. Tlus seal, which has proved sat1sfactory in

other DW DL engines, is gold-plated Rene' 41 operating with a

0.003-in. preset. The fla ange has exghteen 0. 25 in. diameter V‘.asp-
alloy high= -temperature bolts preloaded to 900'1b. With an effective
‘cross-sectional area -of 0.0355 sq in. for each threaded bolt, the
900-1b preload.yields an operating stress of 29,400 psi which is well
“below acceptable lmnts. The maximum operating pressure in the

" engine is 2600 psi, which for the 1. 44 in, diameter engine, results
in‘an axial force of 4200 psi.  This is-transmitted as about 235.1b
‘force on cach of the 18 bolts. ‘Because this is well below the preloaclf

value, cvulmg stress does not strain the bolts and no fatigue occurs.
The 10.0002hr 0.5% creep stress value for Waspalloy is 60, 000 psi,
which provides more than a tartor of two ma rgin above the actual
streﬁq levels. =

The, h(‘atcr I;Ioc,k is cnnstrn( ted of chromium copper because of its

high he;\t Uansfcr"charn( teristics. It is brazed to an Inconel 625 jac-
ket to ensure (hmonsmnnl stability and carry the requirced loadss
Twelve 350-w cartr idge heaters are used, r(*sultu*u ina 4200-w. heating
(apablllty, well .lbovlc the expected nominal reqml‘cmcnt ol 2200~w. The
maximum allowable heater element temperature is 1600°F, which -
r(-prcsents 1400°F at the cdrtrulu\ surface. Therelore, the cartridges
are silver soldered to the copper bleck to.minimize thermal contact
resistance. With ]ZOO I at the cylinder surface of the! copper Llock, the

“maximum hvate - cartridge surface temperature ander nominal operntmn

conditions is 1310 } Heaters can be replaced by drilling out and .
rebrazing, which is stnncl.n rd operating procedure at DWDL for this type

" of cpnst ructmn.

' in ‘the pruol-m prmc1p1e clebtgn to avoid electric

e v vk e anse e L T

RN

Ao



- The -.Md-on.l hvnt (\\c hqnu(xr is u)uplod to the central cylinder section
v.lhxnuuh a flange u\mL, eloven 5/ 16 -in. ~diamater hwh stronuth bolts pre-

stressed to 26, 000 psi. C hronuum copper is again used for combined
high stre ngth and lhermnl conductivity .along with the V-type Haskell
~eal as nsvd 1n the; ilam.,u a(lJaLcnt to Lhe hot heat exchanger. The wall-
thic kness- is. 0. Sl..; in. ,,vmlclmu A maximum hoop stress in operation of
11,300 psi \mnpa red ta.a rogm tempm'atm'e yield sgfss of 42,000 psi.

- The lu\\n r flange of the cooler section is bolted to the drive hou sing

\.nd soalml \\'nth @ Vlt(m O Nm,.

i

Ileat is 1'emoved trom the by.stem using water c1rcu1atcd throug__'h

\llnplt" cooling'loop consisting of 3/16 OD x 1/8 in. ID copper tubing

(mle(l around and-brazed to the periphery of the cold heat ¢xchanger.

The! pressure drop through this single-pass coolihg loop at the design

flow of one tjallon per‘mmute is 15 psi.  The senmble temperature rise
of the water passing through the cooler is I5°F. 'The film temperature

~drop is 415 F and the solid material temperature drop in the cold heat
Sexc hdnuvr is: 50 F. “A maximum rise of 88°F above c_oohm, water

source temporature or-about 150° F’would therefore be expected at the
vas-metal unertace in the' cooler. ' :

2.3.1.2 1)lhp1a(,(‘l’ and Suppor s (Figure 2 25)

The dlsplaccr is'a thm shell: made of lnconel 625 with'a wall thlckness

of 0,052 in. It'is pressurued mtcrnally with argon to 900 psi at room

temperature which increases to 1900 psi at the arithmetic mean oper-
ating temperature of 343°C.  This reduces. the pressure differential

‘experienced by the cylinder and minimizes the regenerator wall thick-
_ness required for the cyhn(le r bucklmg failure mode, Hoop stréss’

from mtcrnal prossur is 10, 100 psi maximum durmg_, operation of the
engine, ' The c¢ritical bucklmg pressure is 4430 psi. Eight radiation’

- shxclus arc mounted internally to reduce radiation heat loss to less than

3 watls,  Gas conduction heat loss is only 0.1 watt, so the sidewall heat

deak of 10 watts” makos a total (llbpl&(,t‘l' amal heat’ 1val\ of 13 watts,

The upé .utii‘lg < l(-.{rn'nu’ lmt\\'ev n the displacer and cylinder wall is
0.00% in. which is maintained by supporting the (llsplnu-r at both

‘vnlls.-' [t is suppmtn-d at the hot end by Tlexures and is monnted to

the drive shaft atithe ¢old end by a spherlcal joint which accomodates
initial tms.llwnm(-nta and eliminates spurious side loads at the flexures.-
This snppml HVstom was s-subjected to 3. 56 x. lf)8 cyeles at operating

e mp(-mmrv (iurmg'hf(- testing of a NHILI engine (wau'« nce 8) without
evidence of degradation under a microscopic c.\ammanon, following a.
¢ rank shaft boarmm 'ulurv »

The sph(-rlc.nl mmt at thc drive shnfl uses a st:\n( vl D.5-in, diameter
steel ball,  The upper seat is Inconel 625 unpre\_.n.xlocl with molybdenum
(u-mlhf!v- dry Inbricant; the lower seat is bearing bronze.  Maximum
npq r.u ing lw.nrmu stresd is a neplipible -120 p"-l. Precision in this

jotnt is expected o rc-sul.l in 0.0005-in, m.v.\tmum lost motion.  The

62 .
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_(!hplm er wc‘pm'atoh frotii the drwe :shalt at’ tlns ]()U)t so th
and (h\pl acer can be, removed from the assembl
with the ' drive mec ‘hanism. ' This enhances

at the cyhndcr
y without interfering

ease of checkout and mini-

nn‘fe turna round tlme r!ut'mg the <lcvc10pment phase of the system.

he ll\‘\ur'(“- usod torf
inFigure 2-24.
reciprocates

upport the upper end of the (LMplacer are @how

" The- ‘deflection niode of the flexu¥s as the displacer

is xho\\n at A and B. A pair of flexures is used as shown

at C. D and E show how lateral lcnds are reacted by the flexure pan'.
Each tle.\m'e» lesu.t: 1atera1 c-ompunents in one direction resulting in -

1 a 1le\ur.nl sy stem of. hwh lateral nudltv yet hu,h 1\131 compham_e.

ol -i 4o
H I

11 igure Zo shd Vs a pmr of fle\urc installed' in the hot encl of the

NHILI; Enume 5 dxsblacer These flexurcs were deflected from the
relaxed position 0. 080 in. . upward and 0. 108 in. downward during life
test operation of the NHLI engine. . The STEPY flexure is identical

v C\Ccpt for.a material thickness of 0.004 in. instead of 0.005 in.
{used in Engine"5 becausc of stock avaxlablhty) The STEPY. flexure
- is deflected;0, 090 in. upward only, to utilize existing tooling and

g slmphu dis plagel hot end machining. Use of thinner stock rccluces
: 9trek r‘oncentratxons in the lle\ure to safe 10V€13.

}‘ i .‘ 5' . . " . i: -

5.‘

 2 3. l 3 thlagor Drwe Mechamsm (I- igure 2 "2)

ﬂ i

The pm-po.so oftho dupl.’uer <11'1ve moch‘\num is to provide s tartup
" and operation of the displacer at 3600 rpm against the forces of

bearing and rod seal friction, inertia, and \\mdage. Seal friction

is about 6 watts and bearmg friction 2 watts, baser on manufacturers
specifications for the seal dray and hnm’mn loads encountered in _
normal operation. The windage of 29 whitts was determined directly
from the u)mputcr simulation. The total (h:aplaccr drive power dis-
sipation is, therefore 37 watts under nominal operating conditions.
Of this, nominally. 31 watts arc suppliéed by pneumatic drive power.
and 6 watts by the drive motor. At off-optimum operating conditions,

friction power varws directly with operating lrequenq N and windage

varies with frequency squared. | Drive power is pruportlonal to output
power and is only appreu.lblo near resonance. The maximum load on
the drive motor, thm'(-torn, occurs during startup, shortly before the
resonant lroqur-n(‘y is reached, and amowits to about 30 watts. The:
drive system is shown in Iigare 2-26. In summary, the electric drive
rootor is included in Lho proot-ot-prmc1ple system to (1) provide start-
ing and trimming torque, (2) act'as a régulator to maintain constant
speotl, unrl (3) pornnt mvvstu.atmns at off~des u.,n (‘nn(htlonw. .

“Thé hasic liuk:.m- *svi;u-m is o conventional ovechanging ¢rank pin driv-

ing & connecting roed. The connecting rod reciprocates the drive shart
which kinemntic nll‘ u( ts as the ¢rosshead in a conventional .Sv:stom. 4
The drive mec hnm.‘m iy siscd to withstand all startap and .\L(‘.ulv State o
up«v ating loads .lslllt termined by the sta rtip simulation desc ribed in
Section 2.2, 1.6, Bearings have a 90% probability of surviving’
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10, '000 hours &f operatlon ator below the reqonant frequency.
Figure 2 =27 shows the ate‘lcly state loads obtained from the computer
nnulatmn bnsod on‘a maximum operating pressure of 2710 psia, a

rec 1px'ou\unu mass.of 0..025 slug, and an engine speed of 3600 rpm.
T he flywheel” ‘is sized to nllow @ maximum cyclic_angular velocity
“vardation xom' pomlmg to 12.4 rpm resulting [ instantaneous
unlmlnnce nl (lrwe nm. onc rgy absorptxon forces.
th cran.\ pm (md main crz mks'hal't bearings wre prelubricated’
“précision ball bem'mgs. The wrist pin is.a hardened 0. 164-in.
dmmotor pin operating inan: alu ninum bronze bushing. The support .
‘bearingsifor the drive:- shaft are of sintered oil 1mpr cgnated bearing
bronze. CThe critical hoa ring s at the ¢ rank pin and has an estimated
“life of 18,500 hours . ‘based on data furnished by the supplier.. Although
t the loacla for thzs éngine. are s xg,mhr*antly higher, resulting in. more

; ruggecl me mbvl" and larger bearings, the basic approach is identical

~ tothe NHLI Engine 5 which. operated continuously for more than
wOOO hmxr" w lthoul cleu'ndatton m pcrtormance. ' :

. I
/\

+The f(!x'ii'¢ hatt seal .serm rates the engine g\rllnder working gas, which
fluctuntes in px‘twsure ‘from the drive’ chamber at constant pressure
'lhls seal 'musi- have’ low friction and minimum leakage across a pre
sure (!mm'once' o cveral hund fed psi.. The high pressure chiference
eliminates from con&tde.atlon the low friction hermetic.scal’ provided
by-a convoluted metal bellows. - A l'xbvrmth .scal also had excessive
leakayge at design conditions.  Howevery two seals proposed by the
plston ring ‘and skal departmont of Koppers Company, Baltimore, Md. ’
_were mvestn.,ated ancl arc satmiactom for tlns apphcatmn.

‘The I\opper ‘scal c.hoscn (Ilguro 2+ 28) is a 0 250 1D x 0, 3')0 in, -OD
‘:apht piston ring of glass-rilled Te flon with an 0. 062 in. wall, split
outer stainless steel compressmn ring to apply p!'es&ure for initial"
..se aling."  The split inner ring has a ldpp(‘(l joint to minimize loakage.
I'hc fru tional c!rm_ of the: scal is ‘about 5.0 lb. and leakage is calcu-
,lal as 0.013 cuin. over one- hall of an em,me cvclx, l)oth of which
are sa flbfall()l'\/ vnluo:«;.

A hystcrc sis svnchronous motor has been selcctcd for use with the dis
placer drive. mechanism. The motr)r is inside the pressurized drive
“housing and provu]e added inertia to promote stability. This motor
has the advantage of .speccl/torquo independence and avoids the brush/
comnmtntor ahbcmbly An approprmto signal gencrarc. and po\\'or _
amplifier will power this motor which’ is npable of delivesing 56 \\'attb,

or about a factor of two higher than thv (\\poc.lvd tranm nt startup
values, : .

A de nmtm' wits rejected for this application because the manufacturer
could not gnarantee pe rformance and life of the I)rush/v. ommutator
systerns in a highipressare helinm .nmn.sphv fes Aninduction motor
was rejected beeause of uncertainties in the eleetronic speed control
requirement in the resonant ranpe of li’w STER/ engine,
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‘alummum can: whxch attaches '
ghls flanoe also se rves as

: exte"‘nal surfaces of the cyhnder
~ and the power and instrumentation‘leads. 'I’he msulatmn housing is
shpped over the; msulatxon blocksz fter these are 'set’in place. “The -
1nsulat1on heat leak is about 20 W : : , Lo

B accommodate xrregularltles

'2 3. 2 Coupler (Flgure 2 29)

The c\oupler funcnon in the proof ~of- pr1nc1p1e.{'"‘enerator is prov1ded
‘by a-mercury 1nerua column contained by a m ‘tube with d1ffusers :
Corrugate" ‘metal dlaph'fagms separate the mercury
. from the helium in the engine and.from '
Mercury {ill and trim. valvés are; provxded at
.qlong_, with ove rpressure rehef accumulators ' The coupler is designed -
‘as a unit so that it can be removed for filling" serv1c1n;,. Wemnt

: ;mmmn/,atxon was not a ;oal for thxs proof of- pr1nc1ple de81gn.

‘end of the coupler ,‘I

: Mo rcm‘y was sclected as the coupler fluxd pnmartly' ecause of its
high density’ and low compressibility.” -High- dens1ty minimizes- the
size of the mortxa column low compresslbxhty mxmmw.es lost motion.

NN
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The couplor honsmg is made of 300-series: auéténltxc stainless steel.
The 10.5-in."16ng coupler tube is standard 0.5-in. ID tubing with a

0. 188-in. wall th1c1\ness. Hoop stresses are approximately 4000 psi .
at hydraulic pressures of 3000 psi. A 5. 6-in. long diffuser with a .-~
7. 5-degree half—am’lc is provided at each end of the coupler tube to
mmmn/o tI()w lo se»-.. L End flanu*a wnh.emht-a- 375-in. diameter
“Thigh atrcnuth bolts pre stresﬁed to 38,000 psi provide attachment to the

N dlaphragm support structure at each end. The mercury mv«.ntory in the -
coupler is ll 3 cu in, B | "

}%oth (orru"atcd chaphraums are 0. 0015 in. thick AM 350 stainless stecl.
These have eight convolutions with a peak-to-peak height of 0.024 in. and
a pitch of 0. 15 in. fhe dmphrag,m% are capable of operating through a
swept volume +0. 2 cu in. from the central unstressed position to their-
extreme cieflected posluon with'a maximum tanoennal stress of 31,000

‘ psi. 'Ihe‘ desxgn pomt swept volume totals- O Zl cuin., or abrmt one -
hall the allowable value. : :

f

i . i». - C

Each d1aphravm has a 707:) Té alummum backup plate to hmxt its travel.
At'the r*ngme/coupler mterface, ‘the- backup plate is on the gas side of
the dxaphraﬂm. Gas must be distributed’ over the surface of the dia-
phragm while minimizing gas'dead" volume. Flght radial channels are
provided behind the" backup, plate, ‘each connected ‘to eight 0.015-in.
diameter holes hich vent ‘ga’s. to" the dlaphragm. The diaphragm is.
-capable of suppoi'tmg ar 1060-p51 pressure differential-across this hole
area with a maximum of 20, 000 -psi flexural stress when bottomed
against the backup plate. ‘The; otal dead gas: volume between the dia-
phraum ‘and the ename cold plate is 0. 04 cu'in.; the pressare drop in .
“the manifolding is 8 psL. The position of the diaphragm is sensed by <
a pr0\1mltv transducer which has a maximum linear range of 0. 13'in. |

compared to the 11m11:1m~ diaphragm midpoint detlectwn of 0. 142 in
anci the nommal deewn detlectmn of 0. 013 in.

‘At ithe 1oac1/coupler mterface, the backup plate is on the oil slde of
' the diaphragm. The vent holes and'radial.channels are larger than
- at the enpne/coupler mterface because entrained fluy.d volume is
umrrportant, and pre sure dl’Opb ,nould otherw1se be too high.
To protect the Ht?pnragms trom ove"pressuruatton whe"x agamst the
backup plates, an overpressure relief accumulator is provided at-each .
end of the mercury column.. These are p1ston type accumulators with -
_ thé pistons sprinns loaded to’ accept fluid dt a preset value to prevent
.- damage to the chaphraanl.‘ Fill,” bleed, and trim valves are located
‘at each end of the coupler for. char ging and provxc‘mu the proper
amount of me rcuz‘v .

2. 3 3 (xenervatdr‘“Simulator

I‘he functxon of this component in the proof-of-principle device is pro-

vided by a hychauhc circuit designed to simulate characteristics of a
piey.o'eilectnc generator, Primary elements of the load systein as

I
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deswned but not. fabncated under the present contract are (1) mlet and
outlet power check valves (2) a hqmd compliance chamber, (3) a
pressure reservoxr '{4) a ‘high- pressure decumula;or and (5) an
cl ustable main load valve (Fxgure 1-3). In addi®on, appropriate
utoff valves are’ prov1ded The load system will be breadboarded

low

usmg standard components wnerever posaxble. :

Power valves are. standard poppet type check. valves The pressure
drop across, ‘each. valve at-maximum flow is 15 psi; total flow loss.for
‘both valves i 1,(- of generator power output,

The accumulator and reservoir are. standa rd’10 cu in, bladder type
accumulators. - Cychc pressure vartatlon with alo cu in, gas volume
xs 11m1ted o’ 2"',' S : : n : '
1‘ o i : . : .
Desxgn flow through the pnmary load valve is aoproxxmately 6 cu in, /
sec,: correspondmg to a power. d.551patxon of 500 w, A 0,25-in, needle
valve with a ‘maximum flow capamty of.27 cu‘in; per sec has been
. selected, The. outlet line. from the valve passes throuah a water-cooled
‘heat exchanger’ to remove heat generated by the power dxsqtpatxon (flow .
Ioss) in the valve All components will be connected with .0, 5-in, dxa-
meter: lmes to mxmmue flow losses elscwhere m the- setup.

2, 4 PIEZZ‘OE LECTRIC GENERATOR LIFE TESTS

Thns sectxon deccnbes the Phdse II effort wh1ch consxstcd of llfe testmg -
- four- ple/oelectrlc qenerator stacks ‘under varied environmental’ condx- .
tions, Test results froma fifth stack,. mdependently developed as.a’ -
-prototype umt between Phase I and Pha'sc II, ‘are also included, deely
divergent opxmons of pxcz,oelectrlc rmatérials® ‘experts-and’ the absence

. of published. test data concerning long-term stablhty ofa: pxe7oe1ectrzc

generator operating at high stress levels made life testing a key element
in establtshmg feasunllty of the STEPZ, concept The Phase II effort

was accordmgly directed toward accumulation of such test data for up

to 200Q hours, . The life test fixtures and associated harduare are dis-
cussed, followed: by a“descrlptton of the techmques utilized in processmd
the 0, 040+-in, tthk‘bY 0.50-in, dlameter HDT-31 (PZT-4 equwa[ent)
piezoelectric discsiand mterleavmq copper contacts, Test results in-

clude both the pa rametrxc tests performed on thc MTS <ystem and actual
lxie testq : :

} .

i |

2. 4.1 Life Test Approach

2.4.1.1 E:»'aluéitionliof Alternatc Concepts ;
, | _

Threc basic approachca for executing the desired long-l rm testma

were mdopendcntly evaluated in the interim between the conclusion

of Phase I and the initiation. of Phase 1. These | ‘included an electro-

hyd ra\xhc qybtvm <uch as uSed for the Phase I gene rator tests by DWDL,

et

Y




i Lo i . N . . B -
! . PN .

vanatlons of a mechamcal actuatxon devxce and using a pm/oclcctrlc
_ kmotor or drwer stack to stress a similar generator stack, A fourth
; approach utxlwmg a mechamcally driven rotary hydraulic valve as usecd
» by Physms Internatlonal and described in Appendix A was not seriously )

"considered, Drawbacks with the latter approach were undesirable o
coob _plTl'satmg stress apphcatlon to the pxe/oelectrxc s?ack, high friction in

N : - the rotary valve: thh attendant heat generation and high pressure start- .
T up problems, system leaks, and excessive but undetermined scal
' friction on the stack; driver pxston ‘While none of these appeared in- .

[ - ‘surmountable, the requlred éngineering desxgn effort and questionable -~
: llkelxhood of succéss ‘led to the decxsxon not to e\,aluale this aporoaoh

T el

‘_ Two possxble approaches unh/mg the electrohydraullc loadmg technique
used in Phase I were: serlously ‘considered, High. costs together with
‘basic lxr:mtatxons on the number of stacks which couLd be tested and

‘ the attamable operatmg temperatures led to’ abandonmem of this:approach,
o \

Lo - The mechamcal actuatlon devxce whxch was: carrled through la-tout
- o ,desxgn utilized an osc1llatmg lever actuated byian electricimotor driven
cam, Both needle bearmgs and tension flexures. were consxderec. for
‘the fulcrum support ‘of the drwmg lever and alternatwes for. compres-
sion loadmg of the" p1e7oe1ectrlc stack were a- spheru.al ended pushrod
. and a. compressxon flexure, ~Factors:which mfluenced ‘the decision not
. to pursue'this approach were (1) the ‘elatwely ‘high cost; "to complete
© the detail deSIgn and fabrlcate four test units: (2) the" requlrement for’
“tegular maintenance’and compensatxon for wear associated with-some
elements,; ‘and’ (3}, the dxfflcultles assoc:ated thh ensuring that the
SRR ' ip1e7oelectr1c stack’ xs stressed a*«nally W\l"h no 1ateral components of
S apphed force ' = : -

Wxthm the constramts of the Phase ir proaram, the only practical
‘Iapproach for long-term stressmg of piezoelectric generator stacks

appeared to be with a similar’ coa\nal pxe/oelectnc driver stack con- '

strained by a rigid load frame This approach was considered during

Phase I, but rejected on the basis that the driver stack: must have a

much’ larger volume than the generator stack - This can, however, be

used to ac]vantagv where a small generator stack is acceptable, The :

driver stack expcrlenchs the same stress cycle as ‘the generator, ‘but

is sub;ccted to. somewhat higher ‘elec¢tric fields and, therefore, more °

stringent opcrating conditions, (‘onser\'atwely, such a driver-genera- L
tor stack which survives a given life test has dcmonstratod survual e e
‘of a ncnerator stack tho size of’ the’ ful] stack ‘ L

€ Lt e g R -

A crudc mockup of a pm/oc[ectrlc driver:- gzenerator stack was estab-
lished by stacking24 piezoelectric discs 0, 5-in, ‘diameter by 0. 1-in,
‘ thick with a load cell and proximitor in a 12=ton; hvdrauhc press, Up
‘ ) Lo 215 volts ac was ‘applicd to 12 or 23 discs in parallel under various
’ g preloads, with: vollaac output mecasured for the. remaining discs, - ‘Sub-
stantial thsplacom(»nts but very iow forces and generated voltages were
measurced,” These results were attributed to- comphance in the load
«cell’and frame members, which was corroborated by -analysis of .com-
ponent compliances, This experiment established the necessity of a

1
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very- rm,xd load fra.me vuth no hlgh complxance elen.ents in the system,

. Such a load frame was. dcsmned and fabricated as an IRAD prototype

to venfy pcrformance pr1oz to initiation of thc Phase II effort,

F).El.ll es 2~ 30 and 2- 31 show the prototype test f1xture both dxsassembled
and assembled C,Qmponentq in¢lude a Kistler Mgfel 901A low compli-
ance load cell for measuring instantancous stack stress, a fixed-position
reference. plate, the short: generator stack, a holder for two Bently
Nevada Model 324L6 proximitor p051t10n sensors which measure gen-

_erator.stack d!‘%pla( ement with respect to the position reference plate,
and tho piezoelectric driver stack enclosed by a slotted Pyrex sleeve,

The quartz load cell operates on the piczoelectric principle, which is

 the only avaxlable type with sufficiently small compliance. The dis-
advantage ‘with usmg this. Lypc of load cell is that output is not referencéd
to‘aniabsolute base “and. theru‘ore' lona term drift must be accommon-

dated by. pcnochcally rcducmg the preload: t:o zero to provide a tempo-.
ra ry I\nown referoncc pomt

2.4,1.2 Independent Compliance Reduction Efforts

Hiﬂ% 'conipliémé’ that.is not dissipativé is not a significant'problom for
a ptezoelect ric generator and may even be beneficial in reducing the

'requlred swept volume transformatxon between engine and generator,

When using the stack as-a driver, however, excess compliance results
in more dxsplacemcnt swing with less stress fluctuations. developed,
Substantial mdepcndent comphance rcducllon efforts between Phase: 1

‘and Phase IT met with only limited’ success, and. Phase II was initiated

on the basis of accepting rcduced stress flu(‘tuatxon but maintaining
plannod peak srrosses. : '

First assembly of the IRAD prototype s.ack gavc results whuh still

_mdxcated‘substan*xal omphance ‘and high-voltage dc excitation was

applied to the stack, Electronic dial indicators capable of measuring
in microinches were used to measure relative displacement at various
locations, These measurements showed that structural members

" exhibited compl ances very close. to the predicted values, and that excess

complxanco (or low ‘omprcssuc modulus) was restnctod to the stack
xtself : ' ' '

A series of stres Qtram measuremonts was made for a variety of stack
assembly prmeduree mc*ludmg brass and copper electrical contacts with

varying degrces of hardness, Best rosults ‘were obtained using indium

solder which was melted while maintaining a\1al -compression on the
stack, Practical probloms included voids in the interfaces and indium
squeezed out on the sides, The most reasonable compromise was
judged to be the use of fully anncaled copper contacts with no bonding
agent, . This. tcchm ue produn ed modulii of around 3,3 x 106 psi com-
pared thh 5.3 % 100 psi for the indium bonded stacks and 9,4 x'10

psi for the ideal ple/m-lmtru material for the short-circuited condi -
‘tien, and slxghtly hxghc r jhan this for practical operating conditions,

Tt increases to 18] 1x 16 psx under open-circuit condltxons A modulus
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of at least 7 x 106 ps1 under normal operation would have bee

2—‘4_13 Test Fixtti:r;e Asscmbliés

‘ ;
' .

n required
to achieve-a full 1000 to 9000 psi stress swing with the 35 »olt.s/n?il

';excxtatlon voltaac used for life testing,

|

The life test flxtures consist of -a rigid load frame which en sloses the
piezoelectric stack with aimeans for applying uniform torque-free axial

preload to the stack, Other elements mechanically in series with the

stack include a quartz load cell, centermg pins, and two proximitors

'whxcn measure axial dLsplacemcnt across the generator stack., These

elen‘ents for the IRAD prototype load frame (Figure 2-3() ind included
in-a typical contract assembly (Figure 2-32), The IRAD prototype load
frame was engmecred during the interirm between Phasc | and Phase II,,

‘and was modified slightly during Phase Il to incorporate improvements

baqed on initial operating cxperience. The primary change was an
increase in the load frame opening for better assembly accessibility

with only a slight increase in compliance, A single large diameter

thread was also used for the preload adjustmg screw to simplify fabri-
cation and assembly and reduce galhng

Assemblv of the 11fe test fixtures is indicated in Fi igure 2- 33 The
‘lower jam-nut retams the locating plug which.is held conceatric with

ithe load fr ame on:its, ‘outer diameter- and locks the bottom load pad into

‘position" with 'a. pin, The load pad is followed by a 0.005-in, thick mica-
disc for electrical isolation, a fully annealed. ETP copper complxance
pad, jand the plez,oelectrlc driver stack gonsxstmd of seventy 0.5 in.
dxameter by 0.040=<in, thick HDT-31 (PZT-4 ¢ quivalent) discs with
interleaved copper ‘contacts 0.002 in. thick: The assembly continues
with a compliance pad, mica disc load pad, and proximitor mouanting
plate which uses a locating pin to mate with adjacent load pads.

This is followed by a similar stack buildup for the 10-disc gennerator
section,: The assembly is topped with the proximitor refe renc? plate,
load cell, spacer, and torque isolation yoke, ‘which are all located

by the preload adjusting screw. The arms of the:torgque isclation

yoke fit closely into grooves-in the load frame, which enables the pre-
load to be varied without applying rotational components to the stack,
Precision bore slotted Pyrex tubes were uscd to.maintain stack concen-
tricity during assembly, and then broken away on'a previously scribed
mark after establishing the preload This tube also locates up to the ]
load pad on.cach end of the stack; whxch is in turn located by the central
pin. A typical contract stack is shown in Figure 2:34 after mechanical
assembly, but prior to completmg electrical and instrumentation con-
nections, The Pyrex alignment tube sections are still in place, and the
edges can be scen on hoth sides-of the copper contact terminals,

The fully anne'tl‘cd‘cobper contacts and c-cpccnall,r the compliance pads,
serve to compensate for surface lrre;zulantw‘: and any tilting thal does

occur in the final assembly. These pads yiceld at aboul 9000 psi corn-

pressive stress, and generally conform well to nonuniform loading
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» where the locah/ed stresses can reach hxgher level:a lhan the initial
average preload of 12 000 psi used to seal in the stacks. This preload
significantly reduces as stack elements relax and is repeated several
times.during initial assembly until yxeldmg essentially stops, as
indicated by load! ‘cell stress remaining high for several minutes., Once

- this condition is achieved, ‘the preload is never full_\g‘relaxed until the
: - hlg-h-daelectnc strength pottmg compound is harded®d in place to
effectwely maintain all relative locations, with or without preload,

" The encapsulatmg techmque is descrxbed more fully below in.

Secuon Z 4. 2 2. ‘ :

4

e ey o

Py : ‘ : :
| Y : , : i

v

2, 4 i. 4 Dfi'véi'- Stack PbWer Sup’ply and Protection Circuit

Ly R

The best means for achxev.ng a large voltage swmg on the piezoelectric
driver cdircuit'is to allow the supply voltage to swing partly negative,
This reduces the hlghccl absolute: potentlal experienced by the stack,
Based on vendor recommendations. (Reference 5), a negative swing of
10 volts/mil or 400 volts is acceptable before depolarization is initiated,
" The 55 volts/mil or 2200 volt peak-to-peak power supply (Fxgurc 2-35),
was therefore normally oporated with a 40‘0 volt dc bias and an 1100 ’
volt ac amplltudc to produce voltage swings from -400 to +1800 volts,
Two such circuits were used: one was designed to handle three stacks
in parallel ‘while the other drives two. stacks iin parallel Ac line =
power is applied through a vamable autotransformer to the primary
of 'a30to 1 step-up transfox‘mer "Because the dc power. supply does
not pass revers. current, & low xmpedance ac shunt'is prov1ded by the
lngh voltage 1. 6}¢f Lapacxtor ,

YOS KRS AT SR

Thc 70~ chsc pICAOClLCtPIC driver stacks are connected as seven 10- dlSL
“segments, each of which is represented by a capacitance C Any
segment can be easily tcmovcd from the circuit in case of mdn idual
failure, Protection agamst high current surges from coniplete voltage
breakdown across a disc is provided-by resistors R ‘The value of

Ry is 125K for the 10-disc segments of the contrac?stacks and 75K
for the 20-disc senments ‘of the IRAD driver stack, The variable re-

sistor was included in only one power supply circuit which used a step-
change dc power supply to limit voltage buildup rates across Cg during L
dc supply changes, ; The resistance was decreased to zero before ap- E
plying ac excitation so that essentially the entire dc voltage drop appears ™ '
across. Cs -The two power supply and protecnon circuit modules (not
mcludmg the dc supply) are shown rcspcctwcly in Fxgures 2-36 and 2-37,

s ere e € £ g T O AT

2.4,1,5 Geherator Stack Eléctrical Loa’d and Instrum"e'ntation S‘ys’tém

. A ple/ocloctrlc aencrator may be schomatxcally represented by a volt-
age source in series with an mternal resistance and capacitance, For
both the parametric tests andilife tests, gencrator output was applicd
to a resistance load wnth a series inductance used to compensate for -

: generator capacxtance by resonantly tuning the cxrcuxt (I'Lgure 2- '%8)
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Generator. output is determmed as V &/RL where Vi is the voitage

measured across the load resistance Ry..
is-achieved when the load resistance Ry, is™«
internal resistance Ry, As with any generator,

‘Maximum power to the load
cqual¥o the generator stack
this is an undesirakle

operating condition because half the generated power is dissipated in

heating the generator, »
(if mechamcal stack losses are negligible),

To achieve a reasonable

comprormse in'the tradeoff between power output and efficiency, load
resistances of 120K (three times the value fer maximum power trans-

fer) were used for the contract life test stacks.

The smaller-diameter

IRAD generator stack had a maximum power load of 200K, and 540-K

resxstors were used during the lile tests. !

i

Optimum inductance (to give maximum power transfer with the operat-
ing. load resistance) for the contract stacks ranged from 115 to 135
Henries during the para.metrlc tests, but was measured at 175 henries

for the actual operating conditions of the life tests.

An optimum value

of 840:henries was experlmemally determined for the amaUer diameter
IRAD generator stack, ;

115V AC

3486

! .
' - STACK R, SR,
' VOLTAGE
M liC3T01 : MONITOR
VARIAC ‘ STEP-UP , POINT — g
TRANSFORMER CURRENT . .
MONITOR s
POINT
VARIABLE | R
~ pcsupeLY "'—JWV\/“ —WN
' 0-2 MEG 10K
" ]
; 1§ .
_ 1.6 UF
2250 V

Figure 2-35. Driver Stack Power Supply and Protection Circuit
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and a maximum of 50% efficiency can be achieved
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' 'Instrumentatxon to momtor stack performance mcluded Tektronm Model.
" P6013 IOOOx attenuator probe with a 100 megohm xnput xmpedance used
Cin conjunctlon with a Tektronix Model 5454 osczlloccope to measure
~voltage apphed to. the driver stack’'and output at the terminals of the
, generator stack, This not only reduced the measured voltages to

manageable levels ‘but was the only device avallable with sufficiently

‘high iaput u‘npedance to avoid loading. the circuits being. monitored,
"The load voltage across Ry only was measured with a- Ballantine Model

3 55 dlgltal voltmf ter,

Output from. the Klstler Model 901A ‘quartz load cell mechanically in
series with the stack was fed through a Kistler Model 566 or 504D
{depending on the stack) charge amplifier into another Ballantine Model
355 digital voltmeter. Output is directly proportlonal to axial force
and therefore also to stack stress,

The strain for each generator stack was measured with two Bently-
Nevada proximitor probes connected to Model 3601 proximitors,
Physical relationships between the proximitor probes and meial ref-
erence surfaces are shown in Figure 2-33, The proximitors we:re
calibrated prior to assembly using a Pratt and Whltney Model G-2100
Supermlcrometer
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Cye lx( wori\ mput was dctcrm ncr] b

«charge amphher outputs Te pectxvely to the x- .and y-axecs
“Tektronix Model RMS03 x- y ‘oscilloscope,

“displacement dzaaram for the generator stack which was recorded

PES—

y (()nnL‘LLln" lho proxmntor and
of a
This produced a force-

photoaraphxcally and the enclosed arca was - later determined to quantify

h
Jrechanical input to the gencrator stack, - The maasured elec trical

"output divided by this mocaamcal mput produces an cfhmcncy measure-
mient for the 'gene rator stack, '

l’h«- life test cqulpment ancl mstxumcntahon are shown in Figures 2-39
to 2--41, iFigure 2-3% includes the right side of the test facility includine
the low tvmpcraturc'stack‘- insidé the freezer, dual beam oscilloscope,
IR \D test fixture on the benc htop, . Kepco Modol 12508 dc power supply,

~and one power supplv and protection circuit system.. The left side of

the !aborazm-v (Figure 2-40) includes the Fluke Model 412B dc power
supply on top of the l'vO Fooven, two digital voltmeters on the x-y
0sC xllo«copv and’ both power supply and protection circuit systems,
Fipgure 2-41 th\ thn oven mtomor with lho high- temp(‘raturc stack,

3333 .

Figure 2-39. Life Test Laboratory Showing Freezer and IRAD Stacks
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2.4.2 Piezoelectric Disc and Contact Processing

Elaborate cleaning and processing was used for ‘the piezoclectric discs
_.and copper . contacts for the life test assemblies, This action was based
-on.resu:ts reported by Physics International{ Refe#nce 7) for their
‘piezoclectric métor driven artificial heart system and on earlier fail-
ures experienced by DWDL, The primary objective of the procedures

is to eliminate contaminants and sharp points which may initiate electric
discharges that produce carbon tracks and eventually'lead to complete
breakdown, Another secondary effect of foreign particles between

discs and contacts or of hard, non-anncaled copper contacts is to in-
crease system compliance which reduces the ‘potential stress swing,

An example of catastrophic piczoelectric dis’af-’faiiurg":is shown in
‘Figure 2242, Fused ceramic and carbon deposits are visible where
‘the encapsulant has been removed,  This failure occurred. in a stack
with the same size and type of discs as used for the life test assemblies,
It was, however, received from the supplier as a bonded assembly,
then cleaned and potted with the silastic used as the sccondary encap-
sulant for the life test'stacks, The stack was operated under no load
for about 20 hours at peak-to-pecak voltage swings up to 2000 v, In-
ductance was used in'the driver circuit, which stored sufficient energy
to catsc even the ceramic to melt in'the discharge arca, A similar
breakdown oéc‘hrfred in the first assembly of the IRAD prototype stack.

'

Figure 2.42. Catastrophic Fzailyre of Bonded and Potted Test Stack
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These compon nts had been thoroughly cleaned and degreased assembled
in‘a laminar flow: bengh, and the assembly operated submerged in high-
chelcctnc tranﬂ'ormer 011 ~This unit operated only on an intermittent
basis with. nurhcrous minor audlble discharges culminating-in cata-
strophic falluro \when vol"aae swings reached 1500 volts peak-to- .peak,’
Failure was attributed to foreign particles from the 6il, because some
such partxcles were removed from adjacent parts offhe stack prior to
final-failure, rImprow:menl: was obvxously needed to achleve a 2000-
hour hfe test thh peak to- peak voltages of 2200 volts or 55 volt.s per

‘mil,

2, 4.'2,{1 PI‘O( essing and A:sembly of Llfe lest Stacks

The procosung procedure actually uscd for the hfe test stacks was an

extensively'modified version of. tha't developed. by Physxcs International

(Reference 7). Many steps developed.at DWDL for processing of ther-
mionic dxodc components were incorporated, This procedure was first
applied to the third assembly of the IRAD prototype stack for proof
testing, although schedule committments required completxon of the
contract disc and contact processing prior to actual operation of the

IRAD stac k. This procedure represents extreme precaution to provide

maximum confidence in successful life testing, It'is likely that con-

.siderably simpler procedurcs would prove satlsfactory, The sequence
for the pxe/oelcctrlc dLSCS is summarued as follows '

1. Discsare stackcd and clampod vuth flat surfaces together for
. surface protectlon sandblasted on the edges with 20-micron
aluminum-oxide grit, and flushed with tap water, This removes

metalizing left from electrxc contact depos1tlon and other con-
taminants from the edg

2. Waz m wate; and Ah onox wash in ultrasom( cloancr w1th solu-
' txon bemﬂ recirculated and filtered (15 minutes), . ‘ -

3. (3<>nii11u()Lts 'f]ow flushing rinse with tap water in ultrasonic
cleaner (30 minutes),

Y, Distilled water rinse in.ultrasonic cleaner with water being
L recirculated and filtered (15 minutes), Figure 2-43 shows
some of the discs at this stage of processing., The black marks
on the discs indicate pola:ity, :

3. ;’["richlorobthylvnc rinse in ultrasonic cleaner (10 minutes),

. Reagent aluxhol rinse in ultrasonic cleaner with fluid bmm,
recirculated and Tiltered (15 minute sy,

~)

. Freon rinse in ultrasonic c¢leaner with fluid being recirculated
and filtered (15 minutes), o
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10,

11,

2.

Va‘p‘or de.gr;ca'.ﬁsé.."With tmchloroethylcne (':I hour).

Frcon rinse. m ultrasomc cleanc with fluivd being recirculated
and flltercd (15 mmutes) © Repeat with fresh fluid (15 minutes),

Vacuum I)a"ké at‘ 1 50°F'\vi'th -dis"c'.s s‘hortedr (overnight),

Recheck polarlty as requzred by loss of xdontlfymg marks
during proce sqmg,,

Store in’ cl’ean Petri dishes until assembly, - Examples of this

for both discs and completed copper contacts are shown in
Figu re Z--'H. ‘ ‘

Proparatnon of ¢, 002-in thick copper contacts is directed toward mini-
mizing both electrical breakdown probability and stack compliance,
The copper contacts are put through the following operations,

Freon rinse inultrasonic cleancr with fluid being recirculated
and fxltvrcd (15 minutes), i

Discs afe rolled flat on granite surface plate,

NDeburr in kitchen cleanser and water slurry using ultrasonic
cleaner with mixture being recirculated (5 hours),

a9




10,

11,

1z,

”‘Contmuous flushmg rinse thh tap ‘water in ultrasonic cleaner
(45 mmutes) '

Flush thh chstlllcd water réagcnt grade _aIcthol, and Freon
(as requzred) '

Rinse w1th Freon in ultrasonic cleaner with 11u1d being recir-
culated and filtered (2 hours),

Rinse with reagcnt alcohol (as requi’reil),

Rinse \Vlth Freon in ultrasomc cleaner with fluid bvmg recir-
culated and flltc‘rcd (15 minutes).

Rinsg: with rcagont alcohol and bthyl alcohol (as required),

Outgas with mechanical vacuum pump and liquid nitrogen cold
tap (ovcrmaht)

,Anncal in l(;"(’ tcn'r vacuum at ,oo C {5 minutes), Contacte

arc'shown in the vacuum furnace just prior to annealing in
Figurc 2-45, '

Solder contact tabs together in groups of five,
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slhichi misalignments are visible, In two or three case

: : J
1

.13k. R_e,mo_vé r'esvidual‘ac'_idv{ldx,with boilinfg,distiilled water, assisted
 by'a camel hair brush, while clamped in assembly fixture,

14, Flushi'with' distilled watbe"r:, a‘lcohol, a?nd Frcon (as required),

15, _Remove from asscmbly fixture and qtor in Petri dish until
final assembly,

V

The piczoelectric stacks are és ernbled e¢lectrically in parallel by placing

discs on edge withalternaling polarlty and mterlcavmg the copper con-

tact subassemblics to form seven 10-disc segments, Initial buildup
is accomplished ina semicylindrical section of precision-bore Pyrex
tubinp, The 10-disc gencrator stack or 70-disc driver stack is then
transferred to a slotted Pyrex-tube handling fixture which encloses
about two-thirds of the stack circumference by placing the Pyrex sec -
tions. end to end in a steel vee-block and sliding the stack assembly

from one to the other (Figure 2-46), The coppes contact tabs for all

seven seclions of one polarity have been soldered together: the sections
nn the other side are independently connected to the power supply and
circuit protection equipmeaent,

A closer view of the reverse side of the stack through the glass sleeve.
shown in leure 2-47, Surface irregularities in the disc edges and
5, copper con-
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' F‘iQUfe:’2—46;i Stack Assembly

Figure 2-47. Stack Through Pyrex Sleeve

in Pyrix Sleeve and Vee-B
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2 4 2 2 ')xelectrxc EnVLronment for Life Test Stacks a

It is meeratwc that a hm,h dlelectrxc strength env1ronment be- provzded .
around the sta.ck, becauae voltage gradlents are much h1gh‘=1 than those -

- needed to ionize air and initiate an electrical’ dxscharge Oil is typi- -

- _cally used for this type. of apphcatxon and was &sed by DWDL for: early

“work, including the first asqembly for operatxonal ‘testing of the IRAD -
prototype stack Problems associated withusing oxl in‘the present

' apphcatwn mcluck the follo\\mg, : :

i 1. EHwh dzelectnc oxls are typically somewhat hygroscopic, and
.probably accumulate an unacceptable amount of moisture over
a 7000 hour open atmosoho re test,

2. Tools used for preload adjustmcnts during data taking, and
other aspects of practical-operation, makc contamination of
: oxl \Vlth forelqn matter dxfflcult to. avoid.

3. Most meorta—ttly, use’ ot the pxe/oelgctnc load cells requlres
‘reducing stack’ ‘preload to zéro, for an absolute reference
point- each time data-are taken, Stack slippage is possible
where. 1t is not e\:ternally held in placc

S e MR TR N N T L R BT T AR DA L DAL KL O 13 LR A SR Tl

" These conSLderatlonq led to'an attempt to find an inert high- dielectric-
strength potting ‘comipound. with sufficient flelenlxty to accommodate ’
stack v1bratxons‘and rigid enough to maintain ‘relative positions of com-

 ponents with or without the preload screw in place. The basic encap-

. sulant selected was-Dow.Corning Sylgard 184 with a dielectric strength

of 500 volts/mil, " Encapsulation of a‘test stack, however, resulted in

'a poor bond between the stack and bylgazd. ~Accordingly, a 5- to 10-
mil thick layer of Dow Corning QR-4-3117 circuit board coating with

‘a dielectric strength of 2000 volts/mxl and excellent adherence to copper

,and ceramic was used as the primary enc=psul‘mt with Sylgard 184

iapplied for final encapsulation, This combination of encapsulants tested

"with smoothimetal spheres exhibited no breakdown when 20, 000 volts

were applicd with a 10-mil separation, Some microscopic bubbles

were observed in the primary encapsulant applied to the stacks, Im-

proved potting techniques reduced the problem with later stacks, but

it is possible. that some of the observed breakdowns in driver segments

might have resulted from a series of such bubbles, Results of this

encapsulating approach have been basically qood and definitely superior
to oil, ‘

7
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' 2.4.3 Paramectric Tests

The primary purpose of the parametric testing was to establish base-
line gencrator stack performance characteristics and optimum load
values for onc standard and one optically lapped stack using equipment
with known and controllable stress application, These objectives were

94
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tacts appeatr Lo protrude sfightly beyond the adjneent-discs and age bent
lownwayd, “Thiw conditton occurrad only in the contracl stacks, For
assembly of the prototype stack, the entrance end of the plass tube

Win |>:f';ﬁtjlwl for varl r inuertion, i waw ;(mu of soveral minoy
Sopdrations whivh weee modified or elininalet to uxpuordite annembly of

. ‘thti{’(imi:lflfa(tt; lbzujlli_f}“alﬂmﬁ,.‘él.hf}J Avhieh gonerally geliioved the thorired
cTefTect, In this in‘s_fa;hcéf.how‘eve r, : % an

_ “the result wa's an unacceptable con-
dition where some. of the copper contacts had portions severed off and
smeared onto the edge of the piezoeleciric discs, - The extent of damage
s 'shown in Figure 2248 in the region at one cdge of the Pyrex sleeve
where most problems occurred, ' I

After considering several rework alternatives,. the damaged stacks
were assembled into the load frames, preloaded to 12, 000 psi, align-
ment siecves removed, and sandblasted locally to remove debris,

- Subsequent microscopic examination indicated removal of copper (and

~ substantial ceramic) from the-disc ‘edges, “but some sand particles’
remained wedged between disc interfaces: Such sharp edges are
sources of localized electric field concentration, but the ultimate di-
clectric environment;was expected to be capable of sustaining such
fields w‘ithbut‘bi‘cékdbxvn, o : B :

N

il LS T I
: ; : 1
!

PRSTE

P

: - ] {

Figure 2-48. Damage Caused by Pyrex Sleeve
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accomplished on schedule. Original .

metric tests on surviving gencrator stacks follow'ng hfe testlng
technual pr oblems dclaycd ‘the initiation of lee te

trur‘twe termination of the hfg rtests 1o meet the schedule ;
was accordingly deleted by mutua: a~~vcment togsaccumulate more txme

“in life testing, h
2. 4,3.1 Electrohydranlic Te= Tooent
Che electrohydrauhc materiais luadiny system used for the‘pé.ram'étric} “

tests was leased from Battelle Pac:fic \orthwest Laboratories:in .
Richland, Washmgton Details of the test equlpment and-associated
instrumentation are described in Appendix:C.. The test conflguratlon
used for the parametric tests is shown in Fxgurcs 2 =49, 2— 50,  and 2- 51
Figure 2-49 shows the load systermr with eiectrical Ieads 1-om the test
stack and proximitors leading to the electrical load and mstrumentanon
racks. The test stack in place appears in. Fx,,ur' 2"51 elect“’"c cornec
rors from the 10-disc generator stack obscure t > ters used fc
displacement measurements across the stack. The‘se are ‘more-clearly’
shown in Figure 2-51 showing the rap'm:xte side of the test- stack

Figure 2-49 Farametric Test Setup
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Figure 2-50. Ten-Disc Generaror Sroo- .o Place for Parametric Tests

Figure 2 51 Param.- *iquration
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_“»All parametnc tests were rin wzth peal\ stress levels of ‘)000 psi,
- were preloade.

';",l.QOO psi These ied condxtmns resulted-in o)

L of 4000, 6000 and»8000 psi.

A}WLde range and 1nductance was vaned around the expected optimum,
.Htghhghts of the test re:.-uelts are summarized in Table 2-5, The data in

»,“Table 2-51 lS for opera'uon at the optimum’ load: mductance for eachstack

?ffg”fmwm*ﬂ'mm

TP,

,2 4 3 2 Parameltmc Test Results

and
d to achleve minimum stress levelscof 5000, 3000 and

specuve stress SWXngb
Load res1stances were varied over a

and load resis tances: of 60K and 80K as noted. This- improves eff1c1ency

: substamxally above the maximum power transfer condition at a load re-

sistance of 40K, The effects of varying load resistance and inductance

aon poWer densxtyand effw:xencyfor the d1fferentstrebs swings are shown
‘in Figures 2-53 throug,h 2-57. Efficiencyof ‘the optxcally lapped stack was
.overy close. to 50% in each case where. the power ‘output reached a maxi-
’ mum’ va.lue, or the load reqlstance was equal to the internal resistance.

- -of the stack, The breadth of the maximum power peak and amount of

data: prevent an accurate’ assessment: of exactly where the peak occurs,

“but the' efficiency is clearlynot far below 509, which shows there are
:only small mechanical losses within discs and at interfaces, For the
‘standard: lapped stack in Figure 2-54, peak power occurs for a load
resistarice of ZuK o 30K, The elflcxency in this range varies from 32n
to 40%, “Since the elecfrxcal cfftmency at this operating pomt is 507,
: the reduccd effluencv is'caused by mc*‘wamcal losses ‘within the sLack

Table 2-5

SUMMARY OF PARAMETRIC TF‘ST REST LTS AT 60 HZ. WITH
OPTIMUM LOAD INDU CTA\’CE

L "IN 3
) (psi) {psi) {volts; (ma) Stack o {psiy witn, Y
Stack Peak' Stress load l.ond Temp Fffective ) } ower
“Type  Stress Swing Voltage Current  Rbt “Top Modulus' Efficiency Densiry
: A - 'v‘ c
St'\mhxcl' J000 - 1000 141 1. 76 3.22x 10 3,08
: ) (3 .
) l,ap 000 T HO00 205 2,96 : fouv x 10 » [
. L5} - -
1L 115 HL 9000 8000 273 3.441 D506 6 1,41 x Yo ER) 11,3
ROK ‘
R L | , |
) “ " , .
Optical 2000 4000 163 B 2.10 S uH x 1D \\ f. 34
: ‘ . £ : .
f.ap 00T G0N 211 332 ’ t, 07 .\(‘lﬂ 9 23
4 . & - -
13511 9000 8000, 314 3.3 93, 2/60,.8% 5,18 x 10 P 13, 3
Rr KOK
5‘-R“ 60K
‘ "’7‘I<l:cal material modulus 9. 35 x 106 psta at Short Circeuit

Ideal miaterial modulus - L8 4 < 10Y pria o Open Circuit
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, The c{fxcxcncy range of 32"(, to 40% means that, mechanfical losses are
between 507 and 112% of the electrical power actually delivered to the
load, It is these substantial mechanical interface tosses which causc

“the maximum measured cfficiency of 637, in qurc 2-54 to be near the
asymptonc limit,’ :

R <.
. _—

2.4, 4 Life Test Re sults

LLife t test (onclmons and test results are summan/.ed in this soctnon

2,4, 4.1 ();Sm-r‘;xt_ilmg Conditions .

Electric excitation of the life test fixtures was initiated as each asscmbly
was completed,  Varying amounts of time were spent at relatively low
input voltages to provide stack conditioning, Emphasie was on initiating
lite testing of all units.as early as possible, and complete instrumenta -
tion war not added to all units until some had accunilated several
hundred hours, A brief summa ry of accumulated times at various
on\lzlxons je mportc.d for. cach stack in Table 2-6,

Nor malx/od power dvn«ltv and cffxcxcncy arc plotted for the operational
times of the life test, as appropriate to cach stack, in Figures 2-58
Lhrouuh 2-61, Life¢ test hours do not necc-ﬁsamlv agree withitotal accu-
“mulated hours in 'Iablc 2-6, since the life tesi hours were only counted
from the time when full stress was applied to thc stack at the specified
environmental condition,  No life test plol is shown for stack No, 3
because it was physically damaged prior to installation of full instru-
mentation for making efficiency measurements, The normalization
factor used in this data presentation was to divide output power density
by the squarc of the dc\clopvd stress swing, This accounts for varia-
tions in applicd stress swing as a result of different driver voltages or
reducing the nuniber of driven stack segments when short circuits devel-
oped. The quadratic dependence corresponds to the simple theory in
Appendix'B, and correlates well with measurements over a wide range
of xonchuon | ‘

Hoth power. donsxty and efficiency of the ll\AI) stack exhibit erratic be-
havior over the period from about 900 to 1200 hours into the life test
(Figure 2-538), including some efficiency measurements above 100%, The
actual variations inpowerdensity over this period are only onthe orderof
7%, althoughthese are somewhat magnified by the use of an expanded scale,
The efficiencey variations are much more severe, however, and suggest
a lemporary error in instrumentation calibration or utilization, The
circles and triangles represent officiency as measured by the two prox-
imitors on both sides of the stack, Except for the erratic data, the
correlation between the two proximitors was generally good, indicating
very little tipping of the proximitor mounting plate or reference plate,
The long-tern) trend in normalized power density for the IRAID stack
shows less than a 5. reduction,  The cfficiency trend was essentially (lat,
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Table 2-6

SUMMARY.OF LIFE TEST RESULTS THROUGH 7 SEPTEMBER 1973

'

: . Driver Stack '
Operating =~ Peak 1o Peak 7
Timie: Noltage

L Pawer-
Dengity

Foviron-
‘mental

e Nu, of
Stuck

Pk Stress’ Cuales

e oy .. . e . . . s
_1«::. Coadition ., 2 ow/in, M) cthrd. (V) Level Stress Swing  orillions)

1 Ambient - S qona 2200 A3T0LOTA SEE RN T
(S Bl i3t b 52 C2onn. 2200 BuTl-nlotn 2580-4270 SENT
[N DL bus a0, 32000 T 2n 680- 1400 A e 2 1= RENEE

Contrict generatos stadks

lconnected t

1,028 -1 S0 Brortian 2 2T 21
. . . : : : 60,1
2 Amibivhit lsa Jenaqeno NRG2-T AR4- 3111 KT
lﬁ’ R 3.2, 82 BRI 2abdike 2 50 : .»’u-"f— N NI ESS IRt 3 I 2 IR
$e 2501 2823 e Chee R ST IR On ) RILEY RN R 21,4
, 1a0°F 1, 77=2, 48 2200 KuTa 4hhera i o T
: - SRR SN
3 Ambient - 3nn AN 2200 ARTOLOT e 38 §.3312 (]

v ; -
TN
4 Ambivat S 20021600 EETE SR Y 2TR22T 2N
’ IEYTRS R 2025 1302200 $TRT-01un 1624-1748 Pk, 0
Is0°t 72 2200° S50 =834 2083271 7.2
RERES 1
FRAD T Ambient 2792 FRO0 2200 $A44-10 18T W23 TATT IR
‘ Ambient 320 12““)\- 1800 SUT2-8847 Hrlue A¥a8 RIS
Ambient 100 1080 ERUS A 1120- 348 AvA
Sham 2.0

s loads of T 173 Hoand Ry - 120 kizexcept as noted,
IRAD sonerator stack connected 1w load of 1. 830 H umi [{L

: 435, Ry 2Ts krord. oSO L, Ry 2SERML
encrator statk shorted,

540 K exeept as noted,

2iu b, R 1,

CU2T0 R,
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V’Free/er btacks No 1 and 2 (thures 22 59 and 2 61
again showed quite stable power output,’

standard. stack

v freezer stack,

respectwely)

"with scatter in the ‘efficiency
"The increased power densrty at about 1000 hours for Stack No.1l

and 800 hours'for Stack No, 2.are real’ effects assoc1ated with de-

creasing the ambient: temperature ‘below -25°F. The normalized power

density for the 1a,pped stack is about 23% greater than that for the

Power: densrty in Fxgure 2-61 again #ows about a

35% decrease for the standard’ oven stack as compared with the standard
verlfymg the power densxty trend indicated by subcooling

the freezer stacks As an addltxonal check on temperature sensitivity,

data,

~Stack No.,' 2 was" transferred to ‘the oven. after 2085 hours in the freezer,

Power den51ty decreased rapidly: for the first few hours of operation at
150°F, ' then stabilized, ' The overall reduction in’ power; den51ty was
about 35% after 340 hours in the: oven, . although a: reduced stress swing
resulted m only a: 10% reductxon in normalized. power density. No
electrical breakdown was observed,; substantxatmg the theses that the
breakdowns which- occurred; durmg 1n1t1a1 operanon of Stack No. 4 at

- 150°F were a ‘result of spec1f1c stack: processmg problems rather than

a functlon of the elevated temperature «s1gmf1cant trend toward

power:. density degradatxon is'shown for-thé oven stack (Fxgure 2-61)
where the normalized power: densxty decreased a.bout 15% in 800 hours,

then” remalned essennally constant

R
-

{
! .

. The scatter of eff1c1ency data (Fuzures 2- 59 and 2= 60) for the two
»proxzrmtors xndlcates that,, in contrast to the IRAD stack, consxderable

- tipping of the mounting plate for. 'the proxmntors or reference iscrews

" was, occurrmg Similar relatlonshlps between the two ‘proximitors on.
each stack were usually maintained, but in some mstances the tipping
effect appeared to reverse, This could have been caused by minor

position changes occurritg when the preload was reduced for data
collection.; The: general eff1c1ency trends (Flgures 2-59 to 2-61) range

from essentlally constant to a modest incréase in efficiency with accu-
mulated ope rating lifetime, =
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As a result of the tes sting, analyqxs, and mechanical design effort
during the contract period, the following conclusions can be derived
with respect to the STEPY concept;

l. Piezoelectric generator life tests demonstrated a power
density of 10 watts/in, ° with 80", efficiency at about 7500-
psi stress fluctuation, at which level less than 5%, degrada-
tion occurrcd durmz 3000 hours of oporatxon at 60 I,
Successful operation was demonstrated at temperatures
from -55°F to +150°F, - Significantly better performance
was achieved with optically lapped pumoclectru discs than
with standard discs, Extensive processing and clean room
handlmﬂ of discs:was used in the lifé test assemblies , but
“the degree of cleanliness required for successful operation
was not firmly e stabhshe(l

2. Dévelopmént of a sophisticated dynamic simulation detailing
the STEPZ system with more realism than previous computer
programs, used.successfully by DWDL for modeling actual
engines, 1ead% to a high degree of confidence in the analyhcal
projections, . Projected performance is, in general, ¢hcour-

: aging althouﬂh thethighly resonant operation makes the Sys-
! tem sensitive to load changes, A nearly constant net load
will ‘pro_bably be required. '

3. F_xtrapolauons of successful hardware approagheb to higher
operating pressures and bearing loads involve reliable
engincering design techniques. This provides confidence in
the soundness of the mechanical design of this engine.  The

“mercury coupler is straightforward in concept, but does
‘utilize unique ‘eatures, Recent related experience with
~corrugated metal diaphragms in a conce cptually similar system
‘has revealed operational problems which raise questions with
regard to system safcty for thc‘ mercury coupler.

Lot o Y e s gt = n S emp oo o ey e




e g g T P s rg

%g?!‘r.’u}n—-j--—»--.w...-.-. ,,,...

[
BRHEEES

LN R

AP ST A

e oy
K SR FIAIECAR

TS

Section 4

REFERENCES

i =
“H. Minchenko. 'High-Power Piczoelectric Transducer Design.

IEEE Transactions on Sonics and Ultrasonics, Vol SU-16 No. 3,
July 1969, Sonic Power Laboratory, Department of Welding Engi-
neering, Ohio State University, Columbus, Ohio.”

R. B. Goranson, et al., Development of a Simplificd Stirling
Engine to Power Circulatory Assist devices. Third Intersociety

Energy Conversion Conference Proceedings, p. 733, August 1968,

M. 1.. Albertson. J. R. Bai‘lon' and D. B. Simons., Fluid
Mechanics for Fngineers. - Prentice Hall, Inc.. 1960, p 288.

. Schlichting. Boundary Layer Theory. McGraw-Hill, Inc.,

‘New York, 1960, p 503,

Cievite Catalog No. 695, Piezoclectric Technology Data for

Designers. ‘Clevite Piezoelectric Division, Bedford, Ohio, 1965,

S. Timoshenkd., Vibration Problems in Engineering. Third

‘Edition, 1953, D. Van Nostrand Company, pp 158-163.

PP, Smiley., Development of a Piezoclectric Driver for a Ventri-
cular Assist Device, National Heart and Lung Institute Report
No, Ph43-67-1113-1. October 1272, pp, 39-40,

[..\V. Feigenbutz ct. al, A Stirling Engine Approach to an Im-
plantable Heart-Assist System, Eighth Intersociety Encergy
Conversion Conference Proceedings pp, 441 -3448, August 1973,

Preceding page blank |

113




PO

' 3 avs mpra

cntan Lo DTS o8

N R TR W15 s Iy ) Al

A

LT,

T

TRERR S Sr o

PEwATRAL P R P O

AT

; : Appendix A
- . PHYSICS INTERNATIONAL RERORT

PIE7.QOE LECTRIC GENERATOR TESTS

ABOUT THIS APPENDIX - r

Appendix A consists of tworeports submitted by Physics
International Company to document their cfforts on the sub-
coui s to test piezoelectric gencrator performance. The
o1l report discusses results and conclusions of the tests
with. an electrical circuit analysis of piezoelectric generator

opecation,  The supplementary report provides additional
‘background:information, analysis, and a tabulation of test data,
Certain arcas of analysis and conclusions are based on pre-

liminary and incomplete information, but are included here
without comment, More extensive testing and analytlcal
development has since been performed by DWDL and is reported
in Appendices 3 and C,

Preceding‘ page blank
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SUMMARY AND CONCLUSIONS

Two piezoelectric generatores (stacks of piezoceramic discs)
were tested by driving them hydraulically uvp to 12,400 psi com-
pressive stress at fluctuations of 60 Hz. "The first generator
consisted of 5 cubiz inches of PZT .5-H material, a ferroelec-
trically "soft" ceramic; the sc¢cond consisted of 0.8 cubic
o : inches of 1LTZ-1, a ferroeclectricaily "hard" ceramic.

pi The PZT 5-H generator produced clectrical power as pre-
: dicted up to stresses of 5000 psi, but the piezoelectric proper-

ties wsre degraded when the stresses cxceeded 5000 psi. The

output at 5000 psi was 6 watts per cubic inch of PZ matcrial.

i The LTZ-1 generator produced approximately 9 watts per
o o cubic inch at 9700 psi. ’ C

Data above 9700 psi was invalid because of excessive fric-
tion in thoe hvdraulic ~oal.

1t is conciuded that 16 to 20 watts of electrical power rer
cubic inch of PZ material can be extracted with greater than 90~
percent efficiency. This estimate is made by a small extrapola-
tion from 9700 psi to 12,000 to 14,000 psi.

I
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SECTION 1
INTRODUCTION

Thls roport covers the experlmental work performed to

detcrmnne power-dcnslty limitations of a plezoelectrlc power
genprator driven hydraulically at low frequency (60 Hz).

1.1

The tasks to be performed were:

1.

Design and fabricate a hydraulic- system capable of
driving. a stack of 100 PZ discs, each 1.25 inch in .
diameter by 0.040 ‘inch thick, with pressure pulses
of 60. pulses/mln. at zero to 14 000 psi compres—
sive stress.

Build a stack of 100 PZT 5-H discs and install
into an existing housing.

Test P2T" 5-H generator up to 14, 0600 p51 or to its
llmltlng stress.

If PZT 5-H is not satisfzctory up to the required

stress, test. a second material with a higher
stress ratlng

CHOICE OF1PZ:MATERIALS

Tabie 1 shows pieéoelectric properties for several P2

materials from varlous manufartiure~s. The power output for a P2

generator with a pure resistano: load matched for' maximum power

\

transfer (is given by

2y

-
W= 15 d33 933 9 Vp,
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o

— -wheres W . =-clectrical power, watts = &
w = frequency, radians per second

v - ‘ 2
d33‘— Pz chagge coefficient, 10 12 593145—

Pz,

N/
. : : : .. ; s /N
_g3, = PZ voltage coeificient, LEEE%ZJ
i ‘ N/M
2 P‘“k | 2
o ‘=A?omp:cssjve stress N/M
V__ .= volume, of PZ material, M3

This cxpression.is derived in the appendix.

In Table i, the product of d33 933.is used as a figure of

merit for P2 materials with resmect to power output. ' Note that
PZT S-H and LTZ 2-H have the highest output cocfficient. How-
over; stability of the piczoelectric propertics of a material in
the operating environment is also important. 7The Curie tempera-
ture and the coercive field have a bearing on this stability,

PZ properties become unstable .as the temperature approaches this
Curie point. Thsg'coercive field, E . is the electric field
that will cause the material to reverse its polarization. Thus
‘i; is more di{ficdlt to change the polarizatinn of a material
with a high 5C than one with a low Ec. Vernitron, Inc., recom-
mended a makimum compressive stress (cycled) parallel to the
polar axis for ecach of its materiais. Note that the rated
stress for PZT 5-H is 2500 psi, compared to 12,000 psi for
P%T-4. Note also that the internal losses, are lower for PzT-4.




From Tab‘e l 1t can be concluded 'that of the—commercxally
avallable PZ- materlals, the fcrroelectr:cally soft“ materials

.such as PZ7T 5-H and LTZ 2-H give the highest output at a given
" ‘value of streSS‘fluctuatlon; and the ferroelectrically "hard"

. materials will withstand higher compressive stresses without

their piezoeiectric properties being degraded. The hard
materlals tare also less lossy than the soft materlals. Physics
Internatlonal has fabricated eyperlmental plezoelectrlc
materials that appear to have high output, hlgh Curie tempera-
ture, and hlghfcoerc1ve fleld These materials have not yet
been fully characterized, but would be worth, testing in a
genérator.‘ ' ‘

Power transfer 1s greater when the capac1t1ve 1mpedance is
ba]anced by an 1nduct1ve impedance rather than a pure re51stance
load as shown below (referring to rlgqrc 1)«

=

it
N | =
N2 DD

or, when

) 2
(2o - ZL_ (rg Ry
the power, W, is maximum when 'Z is minimum or when Zc = Z
1.2‘ EXPERIMENTAL APPARATUS

" A schematic of the hvdraulic system and PZ generator is

shown in Figure 2. Basically, the PZ gencrator is alternately
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connectoed to a hydraullc prcugure source and Lo a vent with
‘;’ovc’y half: ro‘atlon of the rotary valve. 'duﬁ*system was

de31gned to uso on~hand hydraulic components wherever possible.
The rotary Vlee  however, was fabricated for the test. A

Vickers ax;al pJGton pump with a: displacement of 0.065 cubic
Ainches per’ rcvolutton was driven at 3450 rpm to supply

hydraulic prcesuro. The pressure. in the generator was moni-

tored with a hl’tTDr 607L pressure transducer. Hydraulic fluig
was stored in an accumulator close to the rotary valve to _pro-~
vide fart pressurization of the ‘generator. The schenatlc of the
gencra;or equzvalent ¢ircuit and the- output c1rcu1t is shown in
Fiéurc}l. The 1nductor is used to match the 1mpeoance of the
qcncrator s capacitive 1mpcdance. Electrical powcr output was
determlncd by mcasurxng voltage across thc lvad resistors.
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SECTION 2
 RESULTS

2.1 P2T 5+H MATERIAL

‘The data plotted in Figure 3 show the hydraulic power as a

function of compressive-stress fluctuation on the PZT 5-H stack.

The numbers indicate consecutive runs. Power output generally

decreased with each run.

After'rqn‘s, the stack was rcpoiarizcd with 2-kV pulsed dc
at 2 pu;éeS‘pcr second. Run 6 showed a higher output than run
5, but the 6utput was still lower than run 1. The pbwer reached
30 watts. at 6600_psi and then dropped to 26 watts as the stress
fluctuation was raised to 9300\psj. When the stress fluctuation
was reduced to 4400 psi, the power was 13 watts, compared to
20 watts for the same stress flﬁqtuatioh‘at the start of the
run.

The prbjected curve was obtained hy extrapolation from
earlier tests at stresses up to 3500 psi on a similar stack.
The power output exceeds the projected curve for stress fluctua-
tions vp to a stress level of 5000 psi. For stresses above
5000 psi, power dropped below the projected curve. Data taken
after the stack had been driven above 5000 psi showed lower
power output. Power output could be raised by repolarizing the
stack with dE voltage. '
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——-2:2 LTZ-1 MATERIAL . . - e

-

A sccond generator was built with 10 discs of LTZ-! (1.25-

inches in diazmeter by 0.040 inch thick), a material with more

‘resistance to dépolaxization but with theoretically lower output

at a given stress.. A (0,.125-inch-thick disc of the same material
was placed at cach end of the stack to reduce shear stresses
produced by the Poisson's ratio cffect of the steel parts at the

N

ends of the stack. .

.Powcrjodtput of the LT2-1 gencrator is shown as a function
of applied stress fluctuation (Figure 4). Data points are shown
for seven runs. The last data point taken was 7 watts at 9700
psi. Two curves are drawn through the data points to cover the
spfoad'of the data. The curves arc extrapolated to 12}000 psi.

The data is discusscd in Section 3.
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'SECTION 3
DISCUSSION

3.1 PZT 5-H MATERIAL

" Figure 3 indicates that PZT 5-H and probably other ferro-
electriéélly;"édft" materials cannot be driven to the stress
considered;fér}the STEPZ generator. Thié material did perform
as predictedjfér short periods up to SOOQ psi, which is twice
its ratcdistrcés. Even at low-stress lbvelé it was necessary to
‘cool the stack with a cooling coil in the insulating o0il. This
material’may be suitable for applications that require a short-
duty‘éycle dr:oncfshot power from a small package. .

Notice that there is some scatter in the data that increased.
L with ibcreasing'stress. There was a 0.0l13-inch-diameter clear-

ance bétween the piston and housing. fThe O-ring seal tended to

extrude into this gap cven .though there was a nylon backup ring.
This could cause enough‘friétion between the seal and the hous-
ing toxpxplain‘the scatter, since all of tﬁe hydraulic force on
the piston was not transmitted to the stack.

P ' 3.2 LTZ-). MATERIAL

The LTZ-1 material (similar ﬁp PZT~-4) showed no signs of
losing ité piczoelectric properties. Several runs were made,
showing that the power output repeated after the material had
i , been driven to high stresses. The data points‘in run 6 are
» numbered to show the order in which they were taken.
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The following: cvxdcnce sunport the thbry that the dev

tlon of the data from the exponential power curve at stresses

above 10,0001p51 wns due to a defect in the test apparatus

rather than to dcgradationvof PZ propertics.

1. Marks on the piston and the housing indicatced that the
O-ring had extruded past thce nylon backup ring into the
0. 013-1nch—d1amutcr gap between the housing and piston.
2. During run 5 .the output uohcr shifted from the upper
cxponential curve, 6 watts at 7900 psi, down to 3.1 watts
at 8800 psi. The subsequent four data points formed a
distinct ‘curve significantly lower than the exponcntial
curves. However, the data in run 6, taken the following
day, generally fall between the two cxponential curves

up to 9700 psi. The data above 9700 psi are lower and
scattered. The last data point taken lies on the lower
exponcétial‘curve, 7 watts at 9700 ps

It is concluded that the lower power curve dotermined in
run 6 isithg result of the O-ring extruding into the gop

e
i

between the piston.and housing, causing the actual load or the

stack to be sicnificantly lower than that indicated by the hy-

draulic pressure on the piston. The scatter in run 5 is due to

varied degrees of high friction caused by the extruding O-ring

Assuming that the scatter in thce ddta is due to scal fric-

tion, tho output. power at 12,000 psi, the maximum recommended

'stress for this material, would he 13 watts for 0.8 cubic inches
rof material. Thirty-eight percent cf this material was in the

“two 0.1i25-inch-thick end discs. 1t is probable that the output

would be greater if all the material were in 0.040-inch-thick
discs. It is also probable that the material could be driven
aﬁ highecr stress than 12,000 psi.‘ Therefore, it is estimated
that 80 to 100 watts of power canjbc oxtfactcd from 5 cubic

inches of LTZ-1 material,
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3.3‘AGENEkATOR~EFFICIENCY
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The offrclency of the PZT 5-H gcnerator had@ been determlned
in an ecarlier erperlmﬂnt to be 70 perccnt.

The power loss is -
considered to be lelded 1nto threée mechanlsms"

1. Elcctrlcal and mechanlcal losses in the materlal -

2. Losses due .to friction bctween thc PZ stack and the

. steel end- plGCCS from radial expansion (Po1sson s ratio
"effcct) «

O RmOA SN etk e

g
J2

o

(A)

3. Scal friction.
_ The PZ material’ loss is about 5 percent for PZT S—H and
about 1 percent for LTZ-l. It is estlmated that seal” frlctron
is the greatcst of the other losses. Therefore, it is esti-
mated that gencrator ‘fflClch} greater than 90 perecent . can. be
‘achleved by rtplac1ng the O~r1ﬂg with a metal dlaphragm.

3.4 TESTuApéARnTUS" o | D ST

me&m&' PR O S R Y 9T

The rotary valvc was desxgned and fabrlcated to drlve the
PZ gencrator for testxng purposes. It became apparent durlng
testing that the system had several llmltatlons. The pressure'
'applled to the stack was pulsatile rather than sinusocidal. At
hlgh pressures the system requ1red a higher flow rate than the
i ; pump would produce. Therefore, a large alr/hydraullc accumu- :
‘ lator was necess ary so that hydraulic energy could be stored
. for'short runs. Also, the rotary valve- became hard to start
at hydraulJc pressures above 2800 psi.
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It 18 *ecomnwndcd that sma

A p1 7ﬁo;nctr1c dr1vcr Ja nuitﬁ qatxs’actoxy at low stresses,
but at ]1,030 psz thn drlyer stauk woulu ha"c to be- 3.5 times as
wice tho dlanctez of thu driven

It is also: recamméhded tbat'théVhydraulic‘driving system be

nodified to ovwrCOﬂ:gthe aszlcultxcs cncouwtcreu in this progran.
Theec mo¢1fzcat ons uoulc zncluuc-' '

32; ;Woﬁx‘VLQ

HS

r

wzth

~

'."f

”a‘lbw;LrECt'ﬂn seal
Lan zo that the *equ;rca
i axe Iowcr.-

the aor;s

sta cks of Physics Internatlional's
'own»matc:11'° be »e Sted to ‘assess the~r app]xcabxlxgy in a P2
»qcnefatofL
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stack.

It ls a]so recomm:noed that a longer stack of LTZ-1
na rla& bL tﬁsted xn sucﬁ a way that the lzmx“at:ore of the test
apoaratua do not e‘fe"t ‘the rorults..ﬁ

‘or retal diaphragm,
hydraulic pressure and

‘ .thc.rotar? valve so ¢
‘pressure nulscs woula more closely represent a sine wave.
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PZ Stack

1.25

"0" ring seal

Pressure gauge
0 to 5000 psi

Fiston,
2.62 in. -diam\

in. diam-

-l

IS

0 to

Steel spacers

Kistler 607L
pressure transducer

30,000 psi

Kistler 504
ciharge amplifier

Oscilloscovpe

O

i pressure
filter

i

Figure 2

Rotary valve

- \
‘\\~\\\\\\\\N Accumulator
: T
\\\‘Adjustable

relief valve
\ Vickers axial piston pump
Check . : :

no

valve (3060 psi, 0.97 gpm)

driven by 2 HP 3450

Schematic of PZ generator and hydraulic
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APPEND X

- PZ GENERATOR EQUIVALENT CIRCUIT

132




-

. Co An eguivalent circuit for the PZ'Qenefgfor is shown in
FPigure A-1. If the value of the load resistor on the output
is small compared to Rp,‘the circuit can be simplified to that

shown in Figure A-2. Assuming the generator output is sinusoidal,

N . :
the circuit equation in the frequency domain is:

| J Vo =1 (RL + Rg t z0)
where. Z, = Xitan wt = L faw wt

wCs

T Ay A Y % 0 B
L AR A

T or

Thc‘odtpuf voltage, VO, can be measured for two different
values of load resistor, R, . The load resistor must be small
comparcd to R

ey

P; The cquaticn can Le weitten as follows:

1 0, )
2 fr +r. . +2 V=2 [rR. +RrR.+2
R (Ll S c) R, ( L, " s ¥ 2

The internal series resistors, RS’ is now given by:

RL RL VO - VO
N Wi M 1,
s V. R, - V. R c
0y Ly 0L

133




L S NAD S St R R X RIRE I N,

o

- solved for Re anag C

-

: valie.
at the frequency Wy theAaagas-

the equation. ‘gerefore:

If ‘the generator is driwven

‘f?§§ of ZC can be inserted into

Fouw w,t (s)

= 1
5 Vg K - V. R 6y ¢

I1f the generator is excited at fréquency, @y Rs can agair
be exprecsed in huekequatlongpln terms oﬁ/zc. Since the value

of Re is independent of frequency, the- two cequations can be

ST

For ngximum pover transfer from the generator, the load
resistancc;ﬁhst be eqgual to the internal resistance, Rq, angd
the capacitive reactance must be balanced by the addition of an
inductive reactence of the same magnitude. L

Pover freom o PY feneratcor With a Resistive Load. Rerdurasies
«a—i&gun-i.ﬂ;'?he maximum power from a PZ generator with resis-
tive load is given by:

W =

and

*
Gulton Industries Catalog.
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thercfore,

g 2
2 g ~ t
i W o= ot CO(Fa\(LgB A)’
3
I <
| L
; ; Since
| r P Tkis is Hhue ouh! if
zv. = ;iak =92‘ F . =0 otHururee
. Min )
F.fulk #Ffuk.b PCGL
and
; o _ }_(3 CO A
then
* ‘ 2
’ i R A
‘ - gt
However,
d33 = K3 e, 95,
so
W= Ty e 07 a
or
« iy ,
o= g dyy 93, 0%




" where:

W = power delivered to load (watts) (for a single disc)

b

— &

f = frequency (hertz)
RL = load resistance {(ohms)
t = thickness of the disc (meters)
: . 2
A = area of the disc (meters™)

C0 = éapacitanco of generater

k.
F = Aapplicd force (Newtons)
o = 'hpplicd stress (Newtons/meterz)

g33‘ = PZ voltage coefficient
d33 = PZ charge cocifiiont
K3 = dielectric constant

\/‘,3 *  Volume ot di.‘;c (mderg)
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SUPPLEMENTARY REPORT TO PIFR-355

Report PIFR-355, issued January 1972, prescented data on the
desipgn, fabrication, and testing of a piczocelectric generator intended
to be driven by a Stirling engine developed by McDonnell-Douglas

Astronautics Company,

The following supplementary information is submitted relating

to tests on PZT 51 and LTZ 211 generator materials.

. A description of the effort to build and debug a

hydraulic driving system for the gencrator.

2. A discussion of temperature measurement oi the

PZ venerator.

3. A calcatation of theoretical power vencrated for

cormmparison with actual power measured,
4, A vonseountive tabulation of the 1est data,

5. A caleculation of cirvuit constanis ti, e, , <eries
inductance and toad resistance) reqaired to

match the impedance of the PZT SH generator,
(The cirenit constants for the LU/ 1 generator

were determined experimentally, sceo tabulation

data,
b, A list of expenditures according to task and date,
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PZ GENFERATOR, DRIVING SYSTEM

In order to provide data to establish the feasibility of a high
power/density generator it was necessary to perform tests upon a
stack of piczoelectric discs to determine its performance at high
driving pressures and to validate the extrapolation that has been made

fromlimited available data.

Since the proposed generator concept employed hydraulic coupl-
ing between the prime mover and the generator, a system was designed

to provide an approximately sinusoidal hydraulic output for application

to an existing PZ housing.

A rotary valve was designed to connect a hydraulic pressure
source with the generator twice for each revolution of the driveshaft,

The design work was performed with P, I, funds before the start of the

contract.

Fabrication of the rotary valve started about July 1, 1971. The
rotary valve, the generator, and the hydraulic system were assembled
during the first 3 weeks of August 1971. The PZT 5H stack and most
of the components for the hydraulic driving system were available in-

house. Testing of the system began on August 18, 1971,

The rotary valve was a first experimental model and the subject
of some development itself. The pump output required was determined
by calcnulating the volun. :tric displacement necessary to compress the
stack plus the volumetric compliance of the hydraulic fluid. However,
it was found that hydraulic compliance exceeded estimates and lcakages
occurred in the rotary valve. Consequently the output of the pump was
inudequate to raise pressure to the desired value. The driving system

was modified sevaeral times in order to increasce fthe driving pressure
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attainable, First the pressure was controlled by a 1/4-in. direct

acting relief valve (Manatrol 1/4-RA400-4), which was fournd to be of
inadequate capacity and sensitivity to control the pressure accurately,
it was replaced with a 3/8-in, pilot operated relief valve [Parker
flannifin MREN-0H-PIAA} which was found to be adeguate. However
the output from the pump (Vickers axial piston) was limited when driven
at 1800 rpm and consequently drive speed was increased to 3600 rpm,
Foaming of the hydraulic fluid and excessive noise indicated that the
pump inlet was restricted causing cavitation, Therefore the mlet wbe
was increased to 1/2-in. diameter and the reserveir was celevated to

about 2-ft. above the pump.

The needle valve and a 1, 062-in. diameter passage between the
rolary valve and generator restricted the flow and raused heating
locally. The valve was replaced with a ball valve and the passage was
drilled out to 0. 125-in. diameter. The passage was in i brass block
(on hand) employed to hold the Kistler prttssuf(e transducer.  Evidently
the block was weakened by the larger drilling or wos damaged during
installation. Consequently it broke during one of the first runs and

was replaced with a steel part.

The driving system was limited in the pressure delivery capabi-
lity to approximately 1700 psi (7500 psi on stacki and most of the

hydraulic power was dissipated as heat.

‘The last three runs on the LTZ 1 generator were performod with
a vas/hydraulic accumalator in the system to boost the pressure capabi-

tity of the driving system for short durations.
It was found that friction in the rotary valve made the valve hard

to start at pressures above 2000 psi despite having balanced pressure

ports,
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During the test program it was found that much more effort than
enpected was required to develop the driving system. Consequently
this diversion reduced the amount of testing and analysis that could be

performed within the limited budget.

I more testing of PZ stacks with a hydrautic driver is planned,

more effort will be required to refine the hydraulic driving system.

TEMPERATURE MEASUREMENT

In the initial experiment and modification phase of testing the
PZT 5H pgenerator it was found that the insulating oil temperature
rose to 96°F after a few minutes running time.  (The temperature was
measured with a mercury-glass thermometer.) A cooling coil, 2-in.
in diameter with 26 turns of 1.8-in, O. D, copper tubing, was inscrted
in the oil. With water running through the ¢oil the temperature of the
oil increased from 75°F to 76°F with 7 minutes ranning time on the

generator.

In six days of testing and modifying the apparatus after the cooul-
ing coil was installed it was found that the temperature variation of
the oil did not exceed 7°F (71 -78"F) or approximately the same as the
room temperaiure variation. The cooling coil was led through the
same hole that was used for the thermometer. Consequently the fit
around the thermometer was snug. The thermometer was removed

after the first power run to avoid breakage duc to vibration,

It was noted that the insulating oil temperature does not repre-
sent the bulk temperature of the PZ stack. However the effort required
to place thermocouples in special PZ discs and incorporate them into

the stack was not allowed for in the budget,
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POWER CALCULA TION

The expression for power from a piezoelectric generator as

derived in the appendis of the report is = - &
W:nfd, g .-12 v
33733 Pz
where W power delivered to the toad in watts
f © frequency of applied stress (hertz)
::i.;3 " piczocleciric voltage coefficient {volis meters/newton)
£33 ° piezoelectiric charge coefficient lcoulombs/metcrz)
a - applied stress fluctuation (ncwmn/metcrzi
V - volume of piezoelectric material {meters be

|

It is assumed that the generator is matched for maximum power

transfer o the load (see page 187,
The votume of the PZT 51 stack is
5 3

el e ‘ 2 - -
Ve 3031817 x 10,12 80 ccor 8x 100 m

Usinyg vatues from the Vernitron vatalop:

76 -12 o 2 -
w2 1071 g 1072 5% 8 x 1075
vz
2.2 N lf)-H 3 for ~+in m:wt(.m/n)2

~ , -2 2
2.2 % 10 Y {68YS1T T watrs

o )
W 1,05 x 107" O_Z watts ifor g in psi).
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This agrees very well with the projected curve in Figure 3.

— - Similarly the power for the LLTZ 1 gener’ato?‘i;s:

w - 220 284 x 1071%) 29.2 x 107%) (6895)% % (1.26 x 1075)

W =0.117 x 10-6 02 watts (g in psi)

The actual power from the LTZ ! generator falls below this theo-
rctical relationship. However, this generator was made up of ten 1,25-
in. diameter discs, 0.03C-in. thick and one 0.125-in. thick disc on each
end, Ignoring the two thick end discs the power is

W = 0.074 x 1070 % watts.

This expression falls on the 2nd curve from the top in Figure 4. Since
several points fall between the two curves it is apparent that the effective
volume of PZ material lies intermediate the full stack volume and the full
volume less the thick end dises. The thick discs were included to reduce
the end effects on the short 10 disc stack (i.e., shear stresses on the
ends gcncrayted by the steel end pieces and the Poisson effect}. If a
similar stack were tested again it is recommended that the end discs be

shorted and left out of the generator circuit.

It must also be considered that the series inductance was not truly
optimized. However it is estimated that the increase in power with
optimum inductance would be less than 2% neglecting re-optimization of

the load resistor to suit the larger inductor (sce page 11).
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Figure 4 Output}power of LTZ1l genarator, volums of material:
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PZT 5H GENERATOR

Power Runs

Load resistence: 4250
Svries inductance: 1.4 lenv:en
Ap * hydraulic pressure fluctuation, psi
23 = stress fluctuation = 4.4 2p
VI = peak to peak voltage across resistor

P = power, watts

Ambient temperature 72 - 78°F

ip ke d v P

Saeptember 2, 1971
>un No. 1

450 1980 . 130 5.6

500 2640 170 8.5

| 750 3300 200 11.8

900 3960 250 18.5
1050 4600 300 26.5

1140 5000 320 30,9 - insul, oil

temp. 78°F
Suptember 3, 1971
Run No, 2

150 2000 120 1.25
| 600 2650 150 6.6
750 3300 190 10,6
1150 1950 300 26.5
975 ' 4300 275 22,2




é September 7, 1971
Run No. 3
é 750 3300 180 3.5
‘ 1150 14950 235 16.2
f 1500 5600 310 28.4
% 1875 8300 340 34.0
( September 8, 1971
Run Mo, 4
750 3300 220 14.3
1150 4950 288 23.2
1350 6000 300 26.5
1500 5600 305 27.5
1650 7250 3¢0 26,5
September 9, 1971
Run No. &
600 2640 125 7.3
1000 4400 180 .5
1500 6600 230 15,4
1900 8400 260 20.0

Repoled stack to 50 V/mil DC pulse, 250 ms pulse at 2 Hz,

Run No. 6
600 2640 150 6.5
1060 4400 260 20.0
1500 6600 320 30.0
2100 9300 300 26.5

1000 4400 210 i3.0

&
~J




LT 1 GENERATOR

Sclection of Load Rasintor

Scries inductance = 18 H
Stress fluctuation = 5500 psi
October 7, 19, 2
ctober 7 X RL VL Power 8‘;; )
()  (Volts) (Watts) o
7.0 350 2.2
8.5 400 2.35 ¢«—max,
5.5 420 2.32
10.0 430 2.31
11.5 460 2.30
Selection of Series Inductance
RL = B.5 KQ
Stress fiuctuation = 5500 psi
L VL Power A Power
{Henries) {Velts) (Watts) {Watts)
October 7, 1971
16.6 380 2.22
0.13
18.¢ 400 2.35
0.12
20,0 410 2.47
0.06
21.0 415 2.53 «Use 21 H
0.03 est. =
22.0 Higher inductances were

not available in a time
compatible with the schedule.
*¥increase in power with
larger inductance ig estimated at < 2%



Power Runs

Load resistance R

Series inductance L

(o
s
1

]

L P

v < g

it

1]

L

1

- 8.5

KO

21 Henries

hydraulic pressure fluctuation, psi

gtress fluctuation

= 4.4 Ap

peak to peak voltage across resistor

Power, watts

Estimated running time:

Jdctober 7, 1971
Run No. 1

Ao

5500
6850
70060

4100

1375

3340

~L
415
500
520

330

120
280
200
200
160
250

290

¢ min, per data point,

0. 25
0.92

.24
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October 8, 1571
Run No. 2
625 2750 240 0. 85
935 4100 350 1.86
October 8, 1971
Run No, 3
1000 4400 380 2.1
500 2200 220 0.71
1300 5700 490 3.5
Qctober 11, 1971
Run No, 4
600 2650 220 6.71
800 3500 290 1.25
1000 4400 360 1.50
1500 6600 540 4,30
1700 7500 6060 £.30
October 13, 1971
Run No. 4A
1400 6290 339 o Odd pressure wave
with 2 peaks
1400 6200 470 3.25 Normal pressure wave
1500 6600 510 3.85 Pressure falling with
time, could not read
1700 7500 530 4.15

scope accurately.,



October 14, 1971
Run No. 5

1100 4850 350 1.80

1200 5300 400 2.35

1300 5700 440 2.85

1500 6660 510 3,85

1800 7900 630 5,85

1800 7900 640 6.00

2000 ' 460 3.10 Erratic behavior.
2800 620 5,65 v L
1800 7900 440 2.85 " "
1000 4400 l}““ 360 i.9 " v
1500 6600 360 1.9 " "
2400 10660 560 4.6 " "
2600 11400 580 4.95 " '
1500 6600 350 1.8 " "

*These stress figures are in doubt because it is suspected that
the "O"-ring extruded and jammed the piston.
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October 15, 1971

Run No. 6

10:00 A, M.
1500 6600 530 4.15%
1400 6200 500 3,7
1900 8400 640 6.0
2700 12000 ) 650 6.2 Erratic behavior
2700 12000 670 6.6 " X
1900 8400 600 5.3 z 2
2100 9250 } % 660 6.4 L "
2700 12000 660 6.2 g "
2600 11500 620 5.7 " Y
2600 11500} 670 6.6 " z

October 15, 1971

Run Nc. 6

2:30 P, M.
2300 10100 680 6.8 Erratic behavior
2200 9700 Y* 670 6.6 ' T
2400 10600 690 7.0 " "
2200 9700 690 7.0

*These stress figures are in doubt because it is suspected that
the "O"-ring extruded and jammed the piston.




IMPEDANCIE MATCHING

A knowledge of the behavior of piezoelectric materiais was used
to postulate the equivalent circuit {(shown in Figure Al) of a PZ pen-
erator, l The voltage source shown in the equivalent circuit represents
an ideal voltage generator. Since a PZ stack is capacitive, a capacitor,
CS , has been included in the egquivalent circuit. The resistor, R). ’
represents the internal losses of the PZ generator while Rp is the shunt
resistance present in all PZ stacks. This shunt resistance causes an
initial voltage on a stack to decay and is included in the circuit, The
series capacitance CS is not equal to the capacitance of the stack, but

is calculaterl as shown below.

If the value of the load resistor on the output is small compared to
Rp’ the circuit can be simplified to that shown in Figure A2, If it is
also assumed that the impedance due to CS and RS are small compared
to RF” G’

circuit voltage measured at the output of the generator. Assuming the

then the generated voltage, V can be assumed equal to the open

cenerator output is sinusoidal, the circuit equation in the frequency

domain is

VG -_-.HRL + Rss'/.’,c) Eq. (1)
oY
Vo
Voc B (R, * Rg * 25} Bq. (2}

if the pencrated voltage, V is independent of frequency then, by

G)

1. A circuit similar to this is shown on page 17 in Piezoelectric
Technology Data for Designers, by the Piezoelectric Division
of Clevite Corp.

-
s
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assumption VOC is also. Hence the output at two frequencies can be

equated:

-[—{——(RLﬁ»RS+LC):—-~CR t Ro + 72 ) Eq. (3)

O, 0,
Vo, * R/ Zg - Vo ~w— 2
) 2 L 1 L .
P\ = l?.(}. (4)
S Vo - Vo
1 2
Ry,
Or
VOZ VO]
Vo, " Vo. ' T € "R CIRL
2 1 L2 L% .
R = 7 7 Eq. {5)
S Vo - Vg
1 2
Yo Vox 1
! -V R, + z 111
Re - - 37 - Eq. (6}
o O,
Substituting:
e o, 3.9 5.7\ 1
. (3.9 -5.7) 100 +{ 75 - 377) c o
S 5.7 - 3.0 “q. /]

-3
R - ..Z_ﬁl—clt-lg—— - 100 i5q. (8]
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Using q. (8) and the experimental values for the PZT 5H gen-
c¢rator shown in Table 3A for Eq. (2) yields:

-3
5.7 L 2.61x 10 , 1
60.1 - q55 100 4 Zmm— L1004 3mme Eq. (9)
or
5.7 -
Thercfore:
2.61 x 107>
RS T -t - 100 = 4210 Eq. (11)

—F
5.01 x 1677

The capacitive impedance is:

1
2 = - =4 o 5320
- ) " (o] {
C60 Hz 377 (5.01 x 10

&
R

. (12)

For maximum power transfer from the generator, the load resis-
tance must be equal to the internal resistance, R, and the capacitive
reactance must be balanced by the addition of an inductive reactance of

the same magnitude. Therefore:

532 _
L50 He 375 ° 1.41 h Eq. (13)

[t is necessary that the voltage measurements uszd to calculate

the equivalent circuit be accurate to prevent errors. For instance, if

&)




VO] was measured 59 high (6.0 volts instead of 5. 7) and VOZ was mea-

sured 5% low (3.7 volts instead of 3.9) the series capacitance,

increases 10U,

CS’

3.7 6,0 1
30 - {.( () " —:"—'-—.—'—' m—
8 (3.7 )))10*1()7 377 ¢

s 6.0 - 3.7

-3
_2.87=x 10
T - 1000
"Therefore:
6

C = 5.52x 1077 f

Although the induction calculation above produced a value that
worked very well in tests, later calculations on different stacks pro-
duced values that were not realistic. Another method was used to
determine the circuit values which worked fairly well in actual tests.
However furhter work is necessary to characterize PZ generators. A
vital part of this is to determine what relationship the stack capaci-

tance has to the cquivalent serics capacitance.
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Appendix ‘B ‘
INDEPENDENT DEVELOPMENT OF PIEZOELECTRIC
GENERATOR TECHNOLOGY USI\I?: CYCLE
AVERAGED FORMALISM

This appendix discusses the analvtical closed solution formalism
associated with continuous and pulsed operation of the piezoelectric
generator. For both modes of operation, two cases are considered:
{1) the purely resistive load, and (2) the load with inductance added to
compensate for the capacitance of the piezoelectric stack, For con-
tinuous operation, -an analytical correlation with the P7ZT-5H data
prescnted in Appendix A is also made,

B, 1. CASE I - CONTINUOUS-POWER OPERATION WITH RESISTIVE
1.OAD

Thxs casc is sho\\n in Figure B-l \xhorc th(- followi ing conditions apply.

\/iccha-ucal Input Sinusoidal Compression

LLoad: Resistive; no matching inductance

2238

e O

LOAD

Q

Figure B-1. Mechanical and Electrical Equivalent Circuits
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The shunt resistor, R_,, for crystals of useful sizes is on the order
of 1010 ohms; Cp.is the capacitance of the leads and load. For this
case, C1, is very small, ¢.g., a few picofarads; therefore, Xcp, is
also very large (1010 ohms), The electrical equivalent circuait can
théw be simplified as in Figure B-2, P

With sinusoidal compression as the mechanical input, the instantanecous

et e a4 FS 8 4 e At S ne oo e e

L voltage is
o
b 3
. £
S v ooV sin w T
R m
Co and at steady state, the instantancous current is
L ‘ : : ‘
S
i1 aniwTee)
{ Ty ad
Lo
; Where the peak current Iin‘ and peak voltage, V. are
S related by :
H \_r \‘
; [ - - . —m
. m \/(RI tRgIL X" 7
§ .
: with
RI - Loacd resistance
i - .
: RS . Internal stack series resistance
:XC . Stack capacitive reactance
j 3 7 Circuit impedance
i t
: ‘
2239
1
¥ v m——
C Wi,
1t Pt
| R 1 ) ~
- Rg
R,
- v
) A
o
5
A; )
Figure B-2. Simplified Efectrical Equivalent Circuit
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‘ : : : o 5
and the phase angle, o, 1s given by
. ; X
o 2 tan-] —-—ﬁ.__ . -
R, +1 s
. R tRg L
Straightforward mathematical manipulation leads to the following
expression for power W, delivered to the load
, ;
v I R
w m'm L ;
2 7z
;
= By definition and from typical piczoceramic property data, P
el R ¢
3 —_3 1
: \T" - tan & << H
& ¢ ‘ :
i . i
B The maximum power transferred, therefore, occurs ve ry nearly
E‘g at Ry X.. For this case
Py 2 :
B W 1 rms :
] T ' }
& 4RL ZRL, ;
i !
.
where i
Y :
.. m g
rms - j2 i
‘ fy

As was discussed in Section 2,1.3

\

ke g 4 v

rms

e
R
3
o]
o]
o
i~
S
e
~

v ha s

Theretfore

-  ~ : / s+l
R
2 RL.

But

- m
} = crvm——

rnis \/Z_
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P T

“and

F-,_)c'n}c -peak o 2 F
! m

and it also equals 2 I'zwg

4

~Fhus, the maximum power transferable is

[rave/ay o
iRy

e
This is the equation utilized in Appendix A,

B

| g9

-

CASE {1 - CONTINUOUS-POWER OPERATION WITH MATCHING
INDUCTANCE

Mechanical Input: Sisusoidal Compression

.oad: Resistive with Matching Inductance

The equivatent electric circudt for the case is shown in Figure 83-3,

When X1, N, this circuit reduces to the form of Figure Be4,
where N[, wl. inductive reactance,

Power transterred to the load resistance, Rl , 1%

P4
VR
W ; ! 3
(f‘\ : lVIJ) 2240
x X
. (o L
L
CO
!
s 4
i R, A
v
[ 4
W
NS

Figure B-3. Simplified Electrical Equivalent Circuit with Inductance
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—O— 2243

%3,
75T

Figure B-4. Simplified Resonant Circuit with XL = Xc

When R

L Ry . the power transfer is a maximim and is

S R R A T RS

given by
‘VZR 2
[! Ve

W z
Y TR iR

L ‘ L

where

Lo e R o A e

=

RL - RS

R R B T S A ST NS I R SO e

This is not a desirable operating condition because half of the power
generated is dissipated in the stack, In practice, Ry is normally
chosen somewhere between this ‘vajue and the optimum value for no

inductance, depending on the desired tradeoff between efficiency and
power density, ' '

B.3 CASE 1If - PULSED-POWER OPERATION WITH RESISTIVE LOAD

This case is shown in Figure B-35 where the followin

i

£ conditions apply. |

Mechanical Input: Periodic Com ression, Frequency o
p

Load: Resistive/No Inductance

At the instant the switeh is closed,

instantaneous current is zero and
the voltape

acrass the capacitor is the peak voltape of the capacitor

A £ Yt e e s e

) :V‘._c ' [(-F/A)gtl
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e e et o s Ao oo s o

R N A e e N ik s e g

SNV mshs da ek R A

- » | 2242

t LOAD R
i

Figure B-5, Mechanical and Electrical Equivalent Circuits

Current as & function of time after the switch is closed is

V.
i w _Z_{—Q::IT" (-T&RSH:L)COI
s 1, o

This leads to an average current over a half cycle of

| vz 121 ‘ /{ }
Iavg‘ -‘177‘-{ [ ' 1d7T —l—-— f R ofR (”I <RS ' RI..’CO dT
= b ‘ s L

lntcgraticmyand evaluation at the limits leads to

c xr -~ . - 21 <
IEL‘J\_{ - 28V g)g‘_(ao I I- ¢ l/{(“'l Co!(RL ' RS }}]
The average power, W, delivered to the load can now be determined

|

W Ia\'gz RL = f2r Voc CO)ZRL Il' Ze ~1/2F7+ ¢ ‘I/FT]
where

" IR #R )Co

In this equation for ave rage power, there is also an optimum value of
R1. to produce the maximum pPower. This is demonstrated by the
following argument: When R1. is very small, the quantity outside
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Tra st

o RS R T TP AR DR DR

the brackets is very small; when Ry is very large, the quantity inside

the bxa(_k(‘tb is very small, =

—_ - -

. B.4 CASE IV - PULSED-POWER OPERATION WITH INDUCTANCE

This case is shown in Figure B-6 with the following conditions,

Mechanical Input: Periodic Compression, frequency w

‘Load: Resistive plus Inductance

This case is a little more difficult ‘mathe ‘matically., The solution
for instantaneous current depends on the relative values of

(RL-!-RS), L, and C
Casc IV-A:

R2,_1 | y
| (ZL *1C Normal Damping:

‘J()C

¢ -RT/2L (6T _¢-¢T

2243

ﬁ_% X M_C

R
t ; LOAD v <> ;L; C, L
1 . '
— ) O— r O r

Figure B-6. Mechanical and Electrical Equivalent Circuits
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e 3

oot e e o ¢

F R

where

0.5
6 - (R/21.}2 - 1/LC
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Case IV-B:

R\ 1
(‘-Ei—) "—IE.Critical Damping

,'.

'1; c~RT/21. |

-Case IV-QC:

Y .
{ R ¥ 1 ‘
=T <—R_- Oscillatory

P < RT/2L sin qT

C Y frY] O3
| .C 2L

As in Case I, average currents
A, D, oand O

J2r )
L — Phi

R

can be cateulated 1or Case IV

Avain. average povwer delivererd to the load is

W [‘1:\\'}_’ Ry,

For « given stack veapacitance C

. wo
prodace the masimum power.  Again. R

', an R
Would normally be

increased above this value for the best tradeoff between power

density and etliciency,
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B.5 CORRELATION OF EXPERIMENTAL DA TA WITH THEQRY

Calenlations were performed atilizing the formalism for continuous
operation presented in (,a sex § ani II. The particular example given
here is for a PZT-5H stack consisting of 100 discs c:unno cred electri-
cally in parallel, Each disc is 0,040 in. thick ~ 1.25 in. din. Such
a4 ostack was ased in the esperiments reported in Appon(hx Al

Flgure .7 presents the results of applying this formalismto the
operating conditions of Run No.o 1, 9-2-71, described in Appendix A,
Also snown are the experimental data points gathered on that run.

The cateniations or PAT-5H stack performance imake use of
materials parameters provided in Clevite Catalug No, 695,

Gene ,zll}. low signal parameters were used with some corrections
for high stress and high field made to the dielectric constam and
dissipation factor. Data for these corrections are only strictly valid
te 2000 nst, and these vorrections should be considered qualitative

at higher strosses. This s especially trae because o linear depen-
dence of cach correction was assumed for extrapolation which is not
necessarily carreet. Series resisdtances iinternal, lead, and indactor)
are disregarded in all power calenlations using {h?‘ forwalism. Even
though there are these lmitations on the analvsis, some correlations
and dependencies are worth examinatien,  In E;"s"_:x'o B-7. calculated
power exhibits the same general dependence on applied stress as the
experimental date, These calealated values tend to be higher than

the data., When a lew field relative diclectrie constant of 3250 is
used instead of 3400, this difference disappears. Such a difference

in dielectric constant could result from the temperature of the

mate rial or time after poling,

Fieure 3-8 shows the calealated depondence of the PZT-5H stack
output power on load resistance at a given stress fluctuation

12640 psit. With respect to pover. the calenlated optinmuam circuait
resistance of aboat Y00 ohms with the siven inductance (X X -7000)
and the experimental optimam load rexistance of 425 ohms imply as
miach as 275 ohms of 2eries reststance elsewhere in the circuit, if
the catculations are correct. Such resistance would probably be
primavrily in the stack with o small iavoant in the inductor and leads,
Increasing stack temnperatare leads 1o an almost exponential rise in
tan & aned increases the etffective series resistance,  Such a rise with-
out cooling could lead to rapid stack deterioration: any temperatuare
increasdse causes inmere self heating and more tempe rature rise,

This sare analvtical fo-natism also provided good agreement for
power vs o stress and power vs load for data @ thered at DWDILL,
However. with both Physics International and DWDRIL data, the depen-
dence on indnctance was in error. While the power versas indactance
dependence was gualitatively correct, the optimun: inductance calcu-
lated was over 20" hivher than measnred, By vedfornmlating the
cguations an an ixw!nntn'u-mm rather than time-averaged basis, and
accounting for the chiaree on the stack throushout a given cyvele, this
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R

discrepancy was eliminated.

This latter formulation 1s described in

more detail in Appendix C and applied to Physics International and

DWDIL data,

A san.ple set of caleulations for obtaining the cvurve in Fipare B-7 is

given in Scection B.6,

B4

SAMPLE CALCULATION

PAT-53H Stack:

Symbols used are defined in Table B-1.

100 dises, 0,040 in. thick ~ .25 in, dia {connected in parallel)

P25 i, -

N.03175 m

ot 2 2 o 2
A "y D" 1,227 in. 0. 000792 m

t - 0.040 in. 0.001016 m

T -6 3
P7 velume feisce - Ar o 0,049 in.. 0,804 < 1077 !
P/ stack volume - 100 At .91 10 - 00502 x 107
Lo sess x 107y Lss00 1 - 0004 tag1/2000])
33 Hor

Assurie Ao - 1930 psi

T .
b . 2589 x 10

33

- T oy - T e
C £, At N.225 %106 faraddisc
[§] i

Stack capacitance 100w 0. 225 X 107"

N.225% x 19D

X i . - Y = -5 -
X e 1/ (2 vodd,. 2259 19 7y 0 1178 Q
< 2wt
113
Assume R, 4250, 1L .3 henries
I3

'\;'x P2 a0, 3y Jun
N N,V BRRW
¢ 1.
T e e e
s PN eX T - H3RrT 808 Q
i § .

Al i 0l resisiance except the toad is disregarded,
1!
R

v
ST E L

TR

Pabtae i revarding il cireait resistance except the load}

)

3

tarads
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Table B-1 : ‘

SY.MBOLS USED IN SAMPLE CALCULATION

t Symbol Definition ¥
i ——
l; A Areca
’l - L '
t Fhickness
: D Diameter
f Frequency
i ' ‘ '
E Flectric field. (v/mi
: ¥ : 1"(» ree
Vol Volume
' G 33 Plemwloctrm <‘uofﬁcu-nt uults !apphcd stres
: R ‘ Load'resmtance
i T S
i £ 33 Re!nu\'v,c!u'k:ctncV'_c,nnstant-, tfrees
oo Pea}-. force”
: p ‘
v 1y | ' Poa;\-.tu-p( ak l’nrcc
5 pp
: £ 'hns force -
3 rms oo \ .
F 1‘~.vc rage force”
I S Aavy .
i 7. hnpev ance
v X 1 (.dpaClll\(‘ reactance
i C
b C( Capavitance
P ) }
[ L Cuarrent
b g
P b Pc)\v(' r
% 1. indugtam e
XI ‘ Inclu\ctn"e vx‘ea,ctanc‘c ‘
an £ issipation factor iR .1 effective/
i tan o Dl pali " R ¢ series .
' {X . Yeffective .
£ e series! 0
v Rms vulta"c
i rms :
{ v O;)en circuit voltage
318
f y ‘ Peak l()—-p('dk vo!td-'(-
: N

\'[ , \ oltage across the lnad
' I Hi‘nt u(-m'ratvd

|

i -0 E lfl( 1(-n< v

J T
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(F/A)yax 1980 psi (198036895) - 0. 1’565 x 10%0/m?

. (E/A) SAF/AY v o 990 psi ¢ 0.683 x 10 n/m |
S (F/A), , - -

(F/M)gps  yg——= 700 psi - 0.483 x 107 n/m?

Voo (F o o T
RMS /““Rus 33" = (0.483 x 107) (0. 0197)(0. 001106) = 96.6 v

Voc: - VRMS - 96'6 vk

VL voc cosO & (96' 6) {. 522‘);. 59_ 9y

Vp S2V2 vy s - 143 v
oL PR ;
. 1----—5’£ . 920; o. 1195 amp.

PVl --(50.9)(0; 1165) - 607 w

:IaQOT (Tané’lo“ smnal _ AE E
0.02 -(O 04 - 0. 02) (0 483 X 10 )(0 0197) = 0. 0834'
= (0.3)
:(~Rseries,e“ \ tan?v . (il?SQ)( 0834} = 989_j
2 ? : .
:\II - I (f{serxes)eff (0 1193) (98) . 140\&

a P"-—‘H' 6 07... 1. 401" 0-81 81%

. Thls value of ef:xctency dxsregards all mechamcal losses, lead, and
‘mdm_tm' 10Qsos ‘

e, e T S VR TR T
K K .

n
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~ INDEPENDENT DEVELOPMENT OF PIE/OELECTRIC
. ___‘_GEZ\_’ERAT:OR TECHNOLOGY USING TIME- STEP NUMERICAL
, : N’fEGRATION FOR MALISM

NN

This appendix discusses the time. step numencal integration
formalism for plezoelectru generator analysxs vhich was
developed at DWDL." This formalism permits system studies when
integrated with the dynanuc enqme simulation and now: provides
better correlation with experimental data than the techniques des-
cribed in Appendw B.. Using this. formalism, the LTY -1 data
gathered. by Physics Internatxona} and reported in Appendix A is
analyzed. Data gathered at DWDIL is also analyzed together with

a dzscuswm»n of tiﬂe related o.\pommcmal measurements.

C.1 (’O\«ﬁ-”bTF‘R PROGRA‘V[

The techmque of aegmentma a gwen stress. :luctuatxon cycle of the

. piezoelectric. stack into a number of discrete ti e steps {e.g. 100)

is analogous to se'z*memmﬂr ‘the' Stzrhn;, engine cycle into a number :

of time steps as'is done in the ‘dynamic Stzr‘mo engine simulation -

pregram. In the case of the ple/aelectrzc stack, . this enables the
¢ domputer to mstantaneou‘:lv monitor the charge on the stack,

Charge is ‘continually ‘gerierated by ‘the stress fluctuation while it
leaks off either throuch the load or through the stack shuant:
reszstance._ The equivalent cirecuit utilized m the computor pro-
‘gram is given in Figure C-1. “The letters a° through ‘e’ mdl-
cate reference points which are used in descnbm;, the ' circuit.
5ymbols used m th!b dzscussmn are '!efmed in Table C-1.

: 'The banc Lha roe balance on the capacxtor is: |

o

3

cha r;e generated - char"e lost

2 {napacuance) (voltaue uonerated.
- {average current) (time inc rement!

: (nrA)-(atP)_IDT
Ny A '

Preceding page blank

173




i RN

o SRR S SO RAE R B DAt

i et A R AL

whe re the dielectric constant used is {ie

ld dependent:

R PC Ivab
£ - ELEL 1= ";—E—-———-‘——- -
L » .\4A" . = :

~The average current, I, is determined by an iterative process of cal--

culating voltage on the stack and average impedances in the circuit at
each time instant in the cycle.. Ail current values for a cycle are then
used to calculate an average current. Work delivered to the load is

- theraverage (rms) current squared'times the load resistance. While
~all calculdtions and experiments to date have involved sinusoidally

“applied force, the romputer program is;capable of utilizing whatever
time dependence is input. For forces reqmrmz more rapid changes

within a time frame than the 60: H: _sine wave utilized, the only modi-
fication necessary is reducm;. the con\puwr time step increment
which rm.ults in adchnonal computer runniag time for each case.

l‘he work mpu. calculatxon ’dso uulu.es the char;.c balance to deter-
mine the mewntaneous ccmphanco of the atack.

Mechan‘ical work-input ~ Sam-of all F (DX) over a cvcle ]

where
. it
YN =B
1 ry Q
.ok R
:\ . R bS(, d D4
A i
j 2246
a ) .
L 3 -0
NES S F:‘IND
c B
: <
; . -
PSHUNT .
Rseries
RLoap

Vioap

Figure C-1. Piezoelectric Stack Equivalent Circuit
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Table C-1
DEFINITION OF SYMBOLS

Symbol : , Definition %
. » A : Cross sectional area of disc
t “ Thic’:knc_ss_ of disc
£ o Frequency
n Number of discs in stack
u v Plezoelectric coefficient (volts/applicd stress)
e Divlectric constant ;
o Diclectric gonslam of free épam-
€, Low field relative diciectric constant
P Fractional increase in dielectric constant at
F MAX vh-ctri.c field

!':.\i:\."{ Flectric field for a dis‘sipa_Xion facior Tand .04, 25
Tand ‘ ‘{)”issi;v)‘a‘!i\m favtor RS‘_“(_SIXC
Tanéd m - ~ Dissipation factor at low field
Rh't-r'u-.-; Effective internal resistance of stack

R.., Fffeotive shant resistance of stack
Shunt .

o , Capacitance of stace

&,

-

o
»
,

Capacitive reactance of stack
1. dnductance of load inductor
Resistance of load inductor

‘}"\)\\‘(‘r to toad

AT

t " -
Voltape across stack terminals

¥
3

S ab
;g}:‘ \’I‘ Voltage across load
_; F \ Force: F Fitimes
I : Average current over 1ime increment Dl
DT ] Time increment of computer step
- bX : Change in \lvnglh of the stack over time increment DT
BN  Net rEisplécumont of stavk at time T
S5 Compliance tstrain/stress) uf stack at short circuit
- '

Fificiency

0 ‘ B V4
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1 he net electrical efficiency of the generator is then given by

n work to load , 12 Rioad

— mechanical work input ) $ F(DX)

josal

Alternately, the efficiency of the stack alone can be determined by
including the work dissipated in the inductor, although this definition
was not used for any of the efficiency numbers renorted here.

lo:d i

2
2
1 [OGA e

T R R

R - R,

.2 CORRELATION WITH PHYSICS INTERNATIONAL LTZ-1 DATA
The formulation developed in Section C. | was atilized in analyzing
[T/ -1 stack performance. Because LTZ-1 material is essentially
identical vith P2 T-4. the materials parameters for the latter
|Reference G-t were used in the computer progran.

These parameters include:

f 1300
r

pPC 0. LT

E

N 0 N s
“MAXN 3 ”'”OO volt/meter

¢ 0020 volt meter/newtorn

0,17 3\'3{,[)

. . 2 N !
So that | 200 nv(' 3020, 000t

04 - 0, nn-;)

)
: ¢ 5 iy, N -
ind tan . b ( uty, non

; 12
10, 0261 l—x‘

Py

The LTZ -1 stack consisted of 10 discs ecach 0.040 in. thick x
{725 in. dia with all dises electrically connected in parallel. Cal-
vulations were ml for a variety of stress fluctuations, load resis-
tances. and serics inductance.  All calculations were for a frequency
. of 60 I ’

Figure (-2 shows the results of these power versus stress catcula-
tions superimposed on the Physics International figure previously pre-
Jentead .‘\ppvm!i.\i A. Particularly good agrecment occurs tor stress
fMuctuations at or below 6000 psi. At higher stress levels. calcu-

3 lated values are mostly higher than measured performance. This
may result from e and Tan § having a nonlinear fickidependence.

3 The lincar dependence of these two quantities was assumed based on
3 two pointr of data provided in Reference C-1: the low field values
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- density is more important than-efficiency.

' C.3 PIEZOELECTRIC MEASUREMENTS

of tanbd and ¢, the electric field for tané . o0, 04“::"\/1/\‘( =390, 000 v/m
and the corresponding change in ¢ for that field (PC . D, 17y,

Figure C-3 shows the dependence of output power on series load :
inductance for the expérimental conditions where inductance was

varied. The agreement between experiment andgheory appears

close. Experimentally, output power continued tu increase prad- ’
ually as inductance was added. The la rgest inductor available was

21 henries. Calculations indicate that increasing the inductance

further would have resulted in a maximum output power for an

inductance of over 30 henries (where X effective X ). This

‘maximum of over 10 watls at 50 henries’ is over 4 timés the mea-

sured value at 21 henries. '

Figure C-4 presents the dependence of vutput power on load resis-
‘tance for both the 18 henry experimental case and 55-henry calcu-
lated case. For the calculated case, lowering the load resistance
.increases output power even further. - With all circuit reactance
/minimized, a load resistér equal to the effective internal resis-
tance of the stack produces maximum obtainable output power for
a given stress fluctuation. S - ' :

Disadvantages of operating at this increased power density include
reduced efficiency and increased ‘heat generation per unit volume of
‘stack. Provisions for removing 'this heat without allowing the stack
to overheat would be required, -especially in applications where ‘power

P
o e . H
' . [ERNN

C.3.1 Test Equipn:ent.

Tests were carried out by DWDL to establish practical operation
parameters for electrical power generation'and to verify analytical
predictions of performance. All tests were performed using the
electrohydraulic materials loading system at Battelle Pacific North-
west Laboratories in Richland, Washington. This unit, Model 312.2]
{12.5/25 KIPy, was manufactured by MTS Syst-ns. Inc.  Loads were
applied sinusoidally at 60, 90, or 120 Hz with 2 minimum of 1000 psi
compression and up to 13, 000 psi maximum compression. ‘At each
compressive loading, the electrical load on the stack was changed by

varying load resistance and inductance.

Equipment utilized in these piezoelectric tests experiments is shown

in Figure C-5; however, none of the MTS System control equipment *
is"shown. Included in the electrohydraulic system are control,
loading.. and hydraulic power subsystems.’ The control loop atilized

“a load cell in series with the test specimen;: together with the neces-
'sary electronic signal canditioning; “compa'rator, ‘and readout-modules.’
A pump maintained hydraulic fluid pressure in'a servo valve controlled

x\y | 5 N _' 178 
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by the servo controller. In all tests, a sinusoidally varying force
‘was maintained on the loading piston by the servo valve. '

; _ The piezo-
electric stack under test was mounted o top of the piston, just
below the load cell, all within the load frame shown.

2NN

; : : "~ ;
Mechanical work input to a piezoelectric stack under test was deter-
mined as the area within the force versus displacemcnt loop dis-
played on a Tektronix Model 503 X-Y oscilloscope. The force signal
was obtained from the MTS system load cell. The signal of 1 velt/
1000 1b provided to the oscilloscope was displayed on the Y axis.
Displacement was measured using a ‘Bently Nevada Mocdel 302L30
proximity measuring sysiem consisting of a proximitor {(probe
excitation source) and probe (sensing element). Displacement is
measured by the non-contacting, eddy current probe with an ocutput
signal of the proximitor supplied to the X axis of the oscilloscope.
With the Model 316L probe used in displacement measurements, the
gain was 0.20 volt/mil displacement {£20%) according to manufac-
turer specifications. This unit.was capable of measurements over

0 to 120 Hz without significant phase lag or .amplitude attenuation.
Displacement variation under static load conditions could be veri-
fied with a ,Bendix-lnﬁi-Ac.A‘."vl';"'(}a‘gfing,Sy'Stem ‘Model AT-1 with

a Type T-220 gage head. However, this unit with a head operating
on the LVDT (linear voltage differential transformer) principle could
not produce accurate results at operating frequencies. ’

Figure C-6 shows a piezoelectric stack on.the MTS System with the
Bendix probe on the left and the Bently Nevada probe on the right.
The electrical leads from the piezoelectric stack are also shown.
Electrical poweT output was measured-as P = ViIRL, ‘where Vi was
the voltage across the load resistor Ry. This voltage was detected -
with a Ballantine Model 355 digital voltmeter (% 0. 1% accuracy with

sine waves; this meter does not'indicate true rms voltage for non-.
. sinusoidal imput). In later tests, all load resistors were Dale wire-

wourd 1% power resistors each with:25-w heat dissipation capability.
Inductors were Triad filter chokes.-Model C-7X {90 ma, 10 h,

270 ohms). Overnight recording of stack output voltage was made on
a Mosely Model 71005 ‘strip chart recorder.. ' ’ |

\

C.3.2 Test Results

Initial testing was done on a 16~ disc unbonded stack (each disc.

0. 10 in. thick x 0.5 in. dia) consisting of iinbonded HDT-31
(equivalent to PZT-4) material supplied by Gulton Industries, Inc.
Both stress level and load resistance were varied. A strass flac-
tuation of 8000 psi {1000 to 9000 psi) produced 4.25 watts -

(13.5 w/in. 3) with 2 load resistance of 175 K. The load resis-:

tance for maximum power decreased from 180 K at 5100 psi to

170 K at 8200 psi stress fluctuation, suggesting.a stress or field
dependence of the piezoelectric properties.. Table C-2 summarizes
test results for all tests performed by DWDL ' -
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igure C-6. Piezoelectric Stack Test Fixture
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Many tests were then conducted on a 20- disc unbonded stack of the
same material with each disc 0.016 in. thick x 0.5 in. dia. This
stack had a much lower capacitive reactance. By varyving the load
resistance and measuring output power at various stress levels, a
dependence of stack capacitive reactance on stresgiwas experi-
mentally dete rmined.  This dependence is shown in Figure C-7.
Later analysis, particularly the time dependent {formalism,

related this dependence to the electric field dependence of the
diclectric constant as previously stated. This stack was tested
at -0 Hz and stress fluctuations®to 8000 psi at various loads.

These data are plotted in Figure C-8. The stack was then held at
8000 psi and Ry = 20 K for over one hour. At these conditions,
output power dropped 7% during the hour. This decrease in per-
formance during the initial few hours of testing occurred on all
subsequent tests as well. For stress fluctuations to and including
8000 psi (1000 to 9000 psi) tne decrease is reversible; that is,

the stack returns to its undegraded condition when allowed to relax.
For a stress tluctuation of 12,000 psi (1000 to 13,000 psi), an
additional, permanent degradation occurred. ihis degradation
was observed when the stack was stressed overnight at 12, 000 psi
and 60 Hz. Output power across the 20-K resistive load decreased
from an initial value of 1. 14 watts (18.2 w/in. 5) to 0. 79 watts
(12.8 w/in.3). The resistive load was not detectably warmer to the
touch, nor had the equipment changed in temperaturc. These results
are also shown in Figure C-8.

Work input measurements attempted on these tests were net valid
because the Bendix displacement measuring unit was not able to per-
form satisfactorily at 60 Hx. DBoth signal attenuation and phase lag

2249
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Figure C-8. Test Results for Twenty-Disc Piezoelectric Stack

.were introduced; subsequently the Bently Nevada proximitor and

another type of LVDT (linear voltage differential transformer) trans-
ducer were ordered. The latter did not arrive in time to be used on
tests described in this report.

When the inductors were available, the same stack was again tested
as a function of stress, load resistance and series inductance. The
strong dependence of output power on series inductance is shown in
Figure C-9. While the analytical prediction of ontimum series induc-
tance (X, = effective X.) was 70 henries with the time-averaged
formulation described in Appendix B, the prediction was 50 h with

the time-dependent formalism described in this appendix. Figure C-9
shows the experimental optimum value was 45 h,

This stack was then tested overnight at a stress fluctuation of 6000 psi
at 60 Hz with a 20-K load and 40-h series inductance. The results

of this test are also plotted on Figure C-8, Coincidentally, the

time = 0 operating point for this test with 40-h inductance on the stack,
whici had degraded Jduring the test at 12, 000 psi stress fluctuation,
corresponded with the original short test at 6000 psi stress fluctuation
and no inductance prior to stack degradation.
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Figure C-9. Dependence of Output Power Upon Inductance

With the stack at an optimum inductance, the load resistance was then
reduced until the maximum power density of 8.0 w/in. 3 was achieved.
This is shown in Figure C-10.

The next stacks tested were 10 disc (1.25 in. dia x 0.040 in. thick
disc) stacks of PZAT-4 equivalent piezoelectric ceramic suppliea by
Linden Laboratories, State College, Pennsylvania. The discs in
these stacks were bonded together with conducting epoxy. During
the first few minutes of testing on each of these stacks, arcing
occurred in the epoxy on the sides of the stacks. This occurred

at stress fluctuations of 6000 psi as series inductance was added

to the load (thereby increcasing voltage across the stack).  Prior to
breakdown, output power was only 25% of the predicted value for
one stack and 50% for the second stack. As load resistance was
varicd with no inductance, maximum power occurred at the predicted
load resistor value. The probable cause of the low power output
was a relatively low shunt resistance path provided by the epoxy.
After continued arcing on both stacks at stress fluctuations of

3000 psi, all testing of these bonded 1.25-in. dia stacks was
terminated. '

Testing resumed on the 20- disc (0.5 in. dia x 0.016 in. thick disc)
stack of HDT-31 material previously tested; Figure C-11 shows
this stack., [or this series of runs, the Bently Nevada probe was
utilized to make accurate displacement measurements, TFrom
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.these measurements, an efficiency can be calculated. Figure C-12
1s a typical force versus displacement photograph ffom the XY
5 oscilloscope. The operating conditions for this case were:

" f = 60 Hy

Fmin = 196 1 (1000 psi) =
——— S T
' = 783 1b
mean
I;‘nmx = 1370 1b (7000 psi)
I. = 40 h (X, = effective X )
L _ C
RL = 30K (RL = optimum for }\L = 0)
VL = 10&%5\«'
Ve 212
_ L (108.3)" _ : )
Pour ~ R, ~ 30000 0.394 w

X scale on scope 0.02 v/em

Y scale on scope 0.2 v/em

The photograph was cut up to obtain the area with the force displac-
ment loop. The area was weighed; a section of the grid display
2 ¢cemi x 4 cm oon the same scope picture xerox copy was then weighed.

2251
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Figure C-10. Power Density Dependence Upon Load Resistance
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Figure C-12. Typical -Force-Displéoemeht Exbérimental Curve for Twen‘ty-Disc Piezoelectric Stack

From these two weights, the true area of the loop was established.
Input power was then determined:

_ - . ‘_’v {1000 1b) | 4.448vnewtons>
Pin © (3. 87 cm) [ cm / \ v/ ( 1b
0.02v) /1 mily (é).OOl in) /1 mecter \}| =1
( cm (0. 2 v/ mil o/ (39. 37 ind| (60 sec )

= 0.925 watts

o

.

W11 po
O
N

Efficiency n = 100 = 75.2%

o

oy
[l

Current uncertainty in these measurements. includes (1) £10%
‘uncertainty in the 0.2 v/mil calibration factor for the Bently Nevada
displacement transducer, and (2) £2% in determining the area. The
latter was estimated from three attempts to determine the area of
the same curve where one measurement utilized the inside of the
scope trace line, the second uscd the middle of the scope trace line
and the third used the outside of the line. "Other uncertainties which
appear to be small comparced to these include oscilloscope calibration
of X and Y axes, the load cell calibration factor (10001b/volt), and
“the imperfect sine wave affecting voltage measarement as indicated
on the Ballentine voltimeter. Incorporating these uncertainties,
cfficiency becomes : '

Nos TS5 £127
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In the near future, this uncertainty should be reduced as the actual
calibration of the displacement transducer is established.

___ Figure C-13 presents the efficiency and -outgét power of the same
20-disc stack as a function of inductance. The load resistance of

» 30 K gave maximumn power with no inductance in the circuit. Stress

f: fluctuation was again 6000 psi and {requency was 60 Hz. For the

same operating conditions, load resistance was then varied while

holding Joad inductance near optimum (XL = effective X ). These

b , results are given in ¥Figure C-14. ¢

; ,

Testing then began on l4-disc unbonded stack (0.50 in. dia x

0. 10 in. thick disc) of HDT-31 material at 60 Hz. This particular

configuration resulted in a stack capacitive reactance for which

neither optimum load resistors nor series inductance was available.

At 60 Hz and 6000 psi stress fluctuation, the stack produced the

following results:

2

1.42 watts (5.2 w/in.”) at L =0, RL = 163 K; M=57%
2 .

1.8 watts (6.5 w/in. 7)) at 1. = 100, RI = 163 K; N=57%
After running 16 hours at these conditions, stack output had stabi-
lized at 2.0 watts (7.2 w/in. 3) with the stress fluctuation drifting
and eventually stabilizing at 6300 psi. Returning to the original
stress fluctuation of 6000 psi reduced the output power EO 1.6 watts
(5.7 w/in. 3y, This decrease {rom the initial 6.5 w/in. 2 is
qualitatively and quantitatively consistent with the results shown
in Fignre C-8 for the small stack. ’

A second unbonded stack of 12 identical discs was then placed on top
of the 14 disc¢s to produce a 26-disc unbonded stack with an overall
height of 2.67 in. As in all unbonded stack tests, the interdisc
electrode leads were 0.002 in.ccpper sheet. Plexiglas sleeves

aided in maintaining alignment during set up; these were not removed
during testing., Testing was carried out at 120 Hz and 6000 psi
stress fluctuation for various load conditions. With X '
effective X , the load resistance was reduced to maximize output
power, THe s results are shown in Figure C-15.

-~
2

C.3.3 Thermal Effects

These were the first tests to establish apparent thermal effects. For
those tests producing more than 10W, output power drifted pradually
upward over a few minutes. For example, at R . = 10 K att = 0,

V. - 375 vratt= 1 min, Vo =385 v; at t = 2 min, VI x 397 v. The
stivek may have been heating as o result of the increase in power, or
the load resistor might have been heating.
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At a power level of 7w {14 w/in.7), the stack was tested {or an hour
with a 17 increase in power in contrast to previous observations at
ilower power densities (about a 7% decrease).

Temperatures were measured only on the 1.25-in. dia stacks. All
stacks were positicned between the piston and load cell of the MTS
system. While the load cell remained essentially at ambient tem-
perature, piston temperatures increased because the hydraulic oil
is maintained at 125°F by a water-cooled heat exchanger in the sys-
tem. The top of the piezoelectric stack was 72°F and the bottom
was 98°F. After stress fluctuation at 6000 psi and 60 Hz with 1 watt
output for several minutes, the top of the stack was still at 72°F,
but the bottom had warmed o, 98.5°F. This agreed with analytical
predicticns based on calculated clectrical losses for those operating
conditions. '

The Plexiglas sleeves of the 26 -disc stack were warm to the touch
during these high power density tests, but never became objection-
ably hot. These tests included maximizing power with a resultant
efficiency decrease to 42%. This is a worst heating condition which
would not normalily be used in practice. Because of the small
diameter discs, relatively large copper leads which could also act
as heat conductors, and the Plexiglas slecves, no thermocouples
were attached to the stacks during these tests.

Suppliers literature (References C-1 and C-2) provided mate rials
property data as a function of temperature. The relative dielectric
constant increases as the temperature rises. This change appears
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to dominate in performance calculations; therefore,
expected to increase with Lemperature. Hc)wever, the maximum
stress allowable drops from 12, 000 psi at 23°C to 6000 psi at
— -100°C. If 6000 psi had bren chosen for lonf- term operation at
25°C, then a much lower value shonld be chosen for 106°C oper-
ation. This interaction betwcen stack operating conditions and ther-
mal design considerations remains critical to successful system
operation. Furthermore, long-term testing with accurate temper-
ature measurements under varied conditions wiil be required to
unequivocally determine allowable operating conditions. Tempera-
ture effects under realistic operating conditions have been negli-
gible to date as predicted by a simplistic thernal analysis assum-
ing «11 heat is generated at ‘the center of the stack. Should a
temperature problem with full-size stacks arise in the future, stack
cooling is a technically feasible alternative, as previously discussed.

power is

cen

C.4 REFERENCES

‘C-1. Clevite Catalog No. 695. Pieroelectric Technology Data for
‘ Designers. Clevite Piezoelectric Division, Bedford, Ohio, 1965,

@]
1]
[

Gulton Catalog No. H-700. Gilennite Piezoceramics. Gulton
Irdustries, Inc., Fullerton, California.




rap v

P A .

4 RN ’ § " ! v" L NI S B S

-

Appendix D. s

A

DETERMINATION OF HEAT TRANSFER COEFFICIENTS
AND REGENERATOR PERFORMANCE IN THE STEPZ ENGINE

Thne heat exchangers and regenerator in the STEPZ engine are quite
different from those typically used in Stirling engines. A partial cross
section of the annular flow passage between the cylinder and displacer
walls is shown in Figure D-1. Different regions of the annulus serve
as heater, cooler, and regenerator in this approach. There is a
lower surface-to~volume ratio and less heat transfer area than for
conventional Stirling engines. This imposes a power density limita-

tion in exchange for decrecaszed gas dead volume and less mechanical
complexity.

Heat exchanger performance is readily analyzed for the STEPZ engine
geometry. An excellent treatment of all zssential aspects of STEPZ
heat exchanger analysis is given in Reference D-1, especially chapters
2 and 6. Heat transfer coefficients are determined on the basis of
laminar flow with fully developed velocity and temperature profiles.
These are, in general, valid assumptions which in any case give con-
servative results if they are not precisely true during transient con-
ditions. Specifically, for the reference design case, the Reynold's
number varies from zero to 5600, with a mean value of 1600. Turbu-
lent flow may possibly, but not necessarily, be established for momen-
tary Reynold's numbers above 2000. " If turbulent flow at a high Rey-
nold's number does occur, the heat transfer coefficient will momen-
tarily be increased by up to a factor of three. Similarly, near the ends
of the displacer where velocity and temperature profiles are not fully
established, the heat transfer coefficient is higher by a factor of two
to three. This length is typically 10 to 100 flow widths or 0.05 to 0.5

in. in the reference engine. A third area where a conservative heat
transfer assumption is made is in the end regions. Stagnant gas con-

duction is assumed, although substantial mixing certainly occurs.

This approach gives confidence that the heat exchanger model will not

indicate unrealistically high performance. ‘ ' '
&

Mathematical Relationships:

The Nusselt n_umber Nu is defined as

_ h Dy 2hG
! = — - e -
I\u 73 7q _ | (D 1)
where ‘
' h = heat transier coefficient

Preceding page blank s

~
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Figure D-1. Heat Exchanger Geometry
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L h hydraulic diameter = 2G for a narrow annulus
S G = radial clearance between displacer and cylinder
2 .

3 K : thermal conductivity of gas

E .

i In practice, it is the heat transfer coefficient that is required because
the Musselt number is constant for a given region under the assumed
L operating conditions. The equation of interest is, therefore,

=; *

Nu K

h —_— -

; X | (D-2)

Thermal conductivity of the working fluid is a strong function of temp-
i crature and must be separately determined for cach region or node.

i The Nusselt number is dependent on geometrical and thermal charac-
teristics of the heat exchangers.

The annular gap, which i very small
compared with the diameter, is essentially identical with flow between
infinitely wide parallel plates separated by a distance G.  In the heater .
and cooler regions, boundary conditions are essentially isothermal on
the outside ol the gap and adiabatic on the inside. From Figure 6-1 of
Reference D=1, this leads to a Nusselt number of 4. 86 for heater and
cooler. Inthe regenerator region, a large amount of heat transfor to
and from the gas occurs regenceratively on cach cvele, although the
spatial temperature profile remains essentially constant.  This con-
dition represcents a constant heat transfer rate per unit of length on
both inner and outer surfaces, for which the Nusselt number is 8, 24,

This approach yields conservative heat trinstfer coefficients for the
STEPY engine. These coefficients are then used to determine engine
therm 7 serformance as outlined in the paragraphs which follow. THeat

o e (S AR o S e S AL A e e s FL e e B S g s e s

tr: \ rate, Q, in the heater or cooler is given by

Q S h A AT (Hh-3)
where
: A - heater or cooler arca on the outside ot the annulus
L )
i o
j AT - temperature difference between the heater or
b cooler and. adjavent gas
: PALAL
b [Teat transfer in the hot end is given by the sum ol all nonparasitic heat
! requirements for the engine, while in Lhe cooler it is this value less
the mechanical work output. Equation (I2-3) can then be solved for the
gas temperature in the heater and cooler regions.  These temperatures
i

then affect the work output, Carnot heat input, and reheat losses, such
that heat transfer requirements arce revised and new gas temperatures
determincd on an iterative basis uatil a convergence criterion is sat-
isfied.
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Rvgonorqtor performance is determined using an effectiveness approach
as in Reference D-1, Chapter 2 and mcre directly in Reference D-2.
The regenerator analysis is again conservative, in that, gas specific
heat at constant pressure, Cps 1s used to calculate reheat loss. The
effective specific heat is some intermediate value between c.. and Cy
(specific heat at constant volume). This true specifié heat varies in an
indeterminate manner over a cycle. Using the larger ¢, at all times
yields a larger reheat loss which provides for some analytical perfor-
mance margin.

The STEPZ. regenerator is a periodic counterflow type with alternating
flow of the same gas in opposite directions. For these conditions, the
following relationships are valid.

(hpy Ae = (hp Ay = hp Ap (D-4)
and

(hp Cp)c = (. cp)h = rmy ¢y (D-5)
where

h, = heat transfer coefficient in regenerator revion

AL = total surface area in regenerator region

my = - mass flow rate through regenerator

“p = working gas specific heat at constant pressure

and the subscripts ¢ and h refer respectively to the gas flowing from the
cold region and the hot region. Relationships needed to evaluate regen- -
erator effectiveness are found in Reference D-2 as follows.

NTU, = Drfr (D-6)
¢ m, C )
Tr p _1
(hp ALl 1 _
NTU,= NTU_. {!+ (he Ao = 5, NTU_ = (D-7)

where the last equality results from applying equation (D-4). TFurther,
| NT U,

¢ 1+ NTU, (D-8)
where

NTU,. = number of transfer units for cold flow

NTU,, = overall number of transfer units

3 = regencrator nﬁ'ecfivonoss

198




T L o7 B 4%, At

The effectiveness may also be expressed as

€ - ATO - ATh (D-())
AT
)
where
—_ - .":»
ATO = overall temperaturce difference between hot region
gas and cold region gas
ATy, = temperature difference between hot region gas and

gas entering the heater from the regenerator

AT, is the temperature rise which must be accomplished in the heater
as a result of regenerator ineffectiveness, which gives rise to the main

rcheat loss. The two expressions for.regenerator effectiveness may be
equated and solved for AT},

ATy = 2%, (D-10)
I + NTU_

Using Equations (D-6) and (D-7) in (D-10) reduces ATh to an expression
in more bacsic quantnws,

aT, 2y cp AT, (D-11)

The reheat power which must be added to achieve this tomporature
risc is :

Puh = o i, o AT, (D-12)

where the factor of 1/2 is included because the gas is only flowing to-
ward the hot region hzlf the time as opposed to the continuous flow
casc in Reference D-2. Combining Equatmns (D-11) and (D-12) e,wes
the final result for main reheat loss,

. 2
(rhy Cp) AT,

P (D -13)

2 my cp the Al

The basic heat exchanger and regenerator analysis summarized here is
common to both the isothermal and nonisothermal computer programs.
The method of implementing the analysis differs, and the isothermal
program typically indicates significantly lower reheat losses-and temp-
eraturc drops. This is shown in Table 2-2. The reason for the reheat
loss discrepancy is that the isothermal program calculates it from
time averaged flow, temperature drop, and heat transfer coefficient in
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Equation (D~13) while the nonisother
integration of Equation (D-13) over a cycle. The average hot gas tem-
perature is muchlower in the nonisotherma! case, partly because more
heat must be transferred and probably also because most heat is trans-
ferred at times when the temperature difforence is, mnfavorable. The

only—explanation for the close correlation of averafe cold gas tempera-

ture given in Table 2-2 for the two models is that most heat transfer
occurs under favorable conditions.

mal simulation uses a numerical

In sumimary, the mechanically simple but unconventioral heat exchanger
and regenerator approach used in the STEPZ engine can be readily
characterized by the experimentally verified analysis given in Refer-
ence D-1. Where any question exists relative to appropriate param-
cters or conditions, the most conservative anproach is taken. While
tire application of the results to the isothermal program is necessarily
limited in accuracy by assumptions in the isothermal model, the non-
isothermal simulation should offer a high degrece of confidence in the
results, '
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b Appendix £
SAMPLE DESIGN OF A LINEAR ELECTROMAGNETIC
DISPLACER ACTUATOR

—_ - ‘ &
A dynamic coil lincar clectromagnetic displacer actuator has been
designed at DWDL for a 66 w{m) STEPZ engine module for space ap-
plications. The configuration of the actuator is shown in Figure E-1,
A weight analysis indicated that the mapnetic circuit containing
Alnico-9 was lighter than once with samarium-cobalt, as a result of
flux concentration in the center pole. Advantageous use of SmCog is
anticipated for higher windage engine modules. The actuator for the
66 w(im) engine module produces 1 w(m) at 60 Hz with an efficiency
of 27%. The actuator weighs 0.5 1b and requires 1. 9 amperes (rms)
excitation for rated output. The impedance of the coil is 2. 02 with a
lagging phasc angle of 59°.

E.1 DESIGN PHILOSOPHY

For space applications, reliability of the STEPZ displacer drive must
be of the same order as that of the displacer suspension and other
engine components. The intrinsically high reliability of flexural
mounting may be more than an order of magnitude superior to that of
couplings involving rotating motors and mechanical linkages. The

2.54 CM DIA

DISPLACER \\_ /\]LC

o con.\ |
OUTER POLE \ /\E

S
MAGNET CORE \

2.28CM

INNER POLE/<—-— 4.36 CM DIA  ——eeemes]

Figure E-1. Displacer Actuator for STEPZ Engine
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oscillatory displacer motion suggests the use of a lincar motion clec-
tromechanical actuator, such as a solenoid or a dynamic coil (loud-
speaker) motor system.  Both devices permit the suspension of the
oscillating component directly on the displacer and requive no seals
or mechanical leadthroughs to function.

Oscillating linear niotion is produced by the interaction of alternating
currents and/ov magnetic fields., The most effigient use of magnetic
material in a solenoid is achieved with direct-current excitation of the
field coil. With ac excitation {(Reference E-1), the magnetic circuit

is used only one half as effectively as that of a dc system to produce
the same average force on the armature., As the armature is a com-
ponent of the magnetic circuit, its mass reflects this inefficiency and
contributes a several-fold increase in the weight of the displacer.

The force acting on a solenoid armature is a monodirectional force of
attraction. Use of a solenoid, therefore, also necessitates incorpora-

tion of a spring or double solenoid to provide the restoring force for
oscillatory motion, :

The dynamic coil linear motor depends on the interaction of an alter-
nating electric field and a permanent magnetic field for its action.
The instantancous force (F) on a coil system carrying a sinusoidally
varying current is given by

F = (B x Im) ¢sinwt (E-1)
where
B = flux density in permanent magnet gap
. maxinmum coil carrent
¢ = length of coil winding
w -~ augular frequency of coil current

Oscillatory motion of the coil results from the sinusoidal force
function. This response is significantly superior to that of the sole- |
noid. Tke dynamic coil also follows complex excitation waveforms o
which rermit nonsinusoidal excitation if desired to cffect sophisticated
conirnl functions. For these rcasons, therefore, a dynamic coil drive
is considered the prime choice to activate the displacer.

E.2 DESIGN ASSUMPTIONS AND CONSTRAINTS

The design of the displacer actuater was bascd on the following
'assumptions. ‘

1, Actuator power supplices the displacer windage loss in an
otherwise dynamically resonant mechanical system.

2. Coil mass added to the displacer has negligible influence
on the displacer rcsonant response.
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Magnetic flux fringing the motor gap-is the same order as
the flux between pole faces.

: . The iuternal field encrgy of the magnet provides the gap
; : energy and fringe field; magnetization of the pole pieces
; . is neglected.

-

u

The engine working fluid absorbs

the Joule heating produced
by the coil current,

Assumed characteristics of the displacer were:

1. Vindage loss: 1 w(nﬁ) at 60 Hz
2. Stroke: 1. 27 mim (0. 05 inch)
| 3.  Diamcter: 2. 54 c¢m (1 inch)

The mechanical work done by the displacer in one half cycle is the
product of average force (Fav) and stroke (s). From Equation E-1,

? Iz 1_le /-
L F o = —_— sin 040 (E-2)
i’ ~() .
'
= 0.637 B I 12 (E-3)
m

where 0 is the angle in radians from the instant of zero current.

At 60 Hz, there are 120 half cycles per second; therefore, mechanical
power of the displacer (Pd) is given by

., - P = 120 F__s Joul~s/sec (E-4)
d av :
3 = 76. 38 Im Bés wim) (E.-5)
e TN With s =127 mmand P, = I w(m) Equation E-5 leads to an expréééion
B}l‘ S . : i d .
. of I _{internis of B : :
: m _
e . 1031 | (E-6)

_ me B | |

5 Joule heating (PC) in the dynamic coil is expressed by
f , P, =  m P ' | (E-T7)




“in the range 0.1«

i
H
H
]

v Y e a) L. ) N " - e ‘. . - - . . . - o . .
where P is the resistivity of coil material and a is the ¢ross scctional
area.

With reference to Equation 2-6, and for a given coil geometry,

=

e 1 S 5 4
P N (I2-8)

: ; >

B

In Figurc 2-2 Joule heating, P, is plotted versus gap {lux density, B,

B <1 webers per sauare meter where permanent
magnct materials of interest achieve their maximum energy product.

The flux density in the working gap was sclected in the range 0.3 to
0. 5 Wh/m? corresponding approumatclv to the r ange in which P,
Between 5 and 107 of its value where B = €. 1 W l)/m

This does not
provide an optimum ¢

configuration and was pursued on a quasi-intuitive

ban% to produce a compact magnetic circuit with acceptable weight
and pe rformance

A major region of uncertainty occurs in estimating flux distribution in
the working gap. Computer ~aided mapping of this region is necessary
to refine this effort, the fringing flux (i, e. . flux not Imlxmv the
dynamic coil) was considercd equal to the useful flux. An aspect ratio

of & was sclected for the working gap to maintain the ;_\cncral validity
of this asswmplion.

Two configurations of the magnetic circuit are shown in Figure E-3
consistent withe a design which suspends the dynamic coil on an exten-
sion of the displacer,  The placement of the permancnt magnet shown
in A, Pigure -5 is the more desirable. However. with gap dimen-
cions ~hown in Figure B-1 and flux density in the gap approaching

0, \\'!,/::\.3. the zeometry demands flux densities in the center pole
groecter than 1W b/ims, In P icure | of Reference E-2, 0,75 \\IJ/mZ

s the raxieun flux rh-nsity at which an acceptable energy product is
acvhivved with aviitabie vatdrials,  For Alnico 9, this is in the region
ol its l”“blm;t‘x point.  However, for SmCos, |BI"Il,]1ax occurs at
approxinately 0, -4 Wi/ /mid,  The maognetic circult design is forced,

the refore, to that of the Toutboard” magnot (B, Figure E-3) to permit
sisinge the nagnet independent of displacer diameter,  This geometri-
cal constraint wil! be superimposed on both optimum and s uL-opumum .
desiens in all cngines with a displacer diameter less than approxi-
H!.’lll"y' .+ in, '

Détailed caleulations were pe rlormed of the 1\]mco 9 "putboa rd"
magnet /eoil configuration, and a similar design was completed tor a
SinCog magnet i reuit to provide the same output.  Table l- -1 sum-
marizes aowe n_hl comparison of the two systems, ©
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Table -1
W FIGHI’ SUMMARY OF DISPILACER ACTUATOR COMPONENTS

Weight (g)

Component - SmCoy at 0.45 Wh/m®  Alnico at 0. 75 Wh/m?
Magnet 34.0 52.5
Inner Pole (1) (2) 110.0 100. 0
Outer Pole (2) : 108.0 63. 5
Coil- 9.3 9.3
Displacer Extcension 1.5 1.5
Total 262. 8 227.0

‘any available material working at its BH

(1) " With central conical void
(2) With ellipsoidal transitions from magnet clement

The lighter magnet is achieved with the Alnico 9 despite its lower
cnergy density as a result of IBHI max occurring at 0. 75 Wb/m2., The
supecrior cnergy product of SmCog would be reflected more favorably
in a design for a larger displacer. Table E-2 summarizes character-
istics of the Alnico 9 actuator. ‘

I, 3 CO'\ICLTTHIO_S

If the assumption of flux distribution is realistic, this design exercise
provides encouragement for the application of electromechanical iincar
device actuation and control of the STEPZ engine. The parucula r
engine investigated imposed an unscalable constraint by requiring the
center pole to fit inside the extension of a small displacer. The re-
sulting high flux density excludes the favored configuration of the
nutgnetic (ircuit.  Alnico 9 provides the lightest magnetic circuit of
max point.  The superior
energy product of SmCos would benefit magnetic circuit designs for
larger displacers. Its avallability is established and it is considered
both performance and cost competitive with Alnico materials.

Flux mapping of the working gap is necessary as a basis for optimiz-
ing the configuration of the lincar actuator. In particular, flux con-

centration should bhé traded against increases in fringing flux for lower

aspuct ratio Laps
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. Table E-2
ALNICO 9 DISPLACER ACTUATOR CHARACTERISTICS

- Characteristic T e

-
P

Value

Weight (g) 227 (0. 5 1b)

Mechanical Output (wm) . 1
Specific Mechanical Power (wm,/lb) ' 2
Coil Dissipation (we) ‘ '3, 75
- Efficiency (%) 27
Coil Impedance () 2.0(1.0+ i
Coil Phase Angle (°) 59

G TR R R Y
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